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ABSTRACT
DISPERSIBILITY OF AND ADSORPTION ON
FUNCTIONALIZED CARBON NANOTUBES
by
Susana Addo Ntim
As the applications of carbon nanotubes (CNTs) proliferate, mass production and
widespread use of these nanocarbons will continue to rise. While raw, unrefined, and
hydrophobic carbon nanotubes tend to settle out of aqueous media/environments, water
dispersible, functionalized CNTs (F-CNTs) will contaminate water resources and will
also be highly bioavailable on exposure. Therefore, there is a need to develop an
understanding of the fate of F-CNTs in aqueous media.
The colloidal behavior of aqueous dispersions of F-CNTs formed via
carboxylation and polymer wrapping with polyvinyl pyrrolidone (PVP) is investigated.
The presence of polymer on the nanotube surface provides steric stabilization, and the
aggregation behavior of the colloidal system is quite different from its covalently
functionalized analog. Based on hydrophobicity index (HI), particle size distribution, zeta
potential as well as the aggregation kinetics studies using time-resolved dynamic light
scattering, the PVP wrapped CNT is less prone to agglomeration, It is however, less
stable in the long term, which is attributed to the partial unwrapping of the polyvinyl
pyrrolidone layer on the CNT surface.
CNTs represent a diverse group of nanotubes that vary in size, shape and
chirality. Since size alters many of the properties of CNTs, it may also affect their fate
and transport and is an important parameter when CNTs are in consideration as
pollutants. Size dependent colloidal behavior of aqueous dispersions of carboxylated

multiwall carbon nanotubes (c-MWCNTs) is presented. While the aspect ratio does not
show any definite correlation, the HI, zeta potential and aggregation kinetics show
dependence on the length of the c-MWCNTs. The shorter c-MWCNTs show significantly
lower HI values, smaller particle aggregates, higher absolute zeta potential values and
higher critical coagulation concentrations (ccc) in the presence of electrolytes. The
diameter of the short c-MWCNTs does not appear to influence their aggregation
behavior. The longer c-MWCNTs however, show a dependence on diameter where
stability decreases with increasing CNT diameter.
The potential for contaminant specific functionalization of CNTs for water purification is
explored. The adsorptive removal of arsenic from water using multiwall carbon
nanotube-metal oxide hybrids (MWCNT-ZrO2 and Fe-MWCNT) is presented.

The

synthesis of the sorbent was facilitated by the high degree of nanotube functionalization
using a microwave assisted process, and controlled assemblies of iron oxide and zirconia
are possible where the MWCNT serve as an effective support for the oxides. Metal oxide
loadings of up to 11% per carbon atom are achieved and the hybrids are effective in
arsenic removal to below drinking water standard levels of 10 μg L-1. Equilibrium and
kinetic modeling indicate a pseudo-second order sorption process fitting both the
Langmuir and Freundlich isotherms. Regeneration data show that both sorbent materials
can be used for effective arsenic removal in a cyclable fashion.
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1
CHAPTER 1
INTRODUCTION

1.1 Overview
Carbon nanotubes (CNTs) are characterized by some highly desirable mechanical,
thermal and electrical properties, which make them attractive for a wide range of
applications ranging from field emission to reinforcements in nanocomposites (Kong et
al., 2000, Petrov et al., 2004, Yun et al., 2006, Murugesan et al., 2006). They are
essentially graphene sheets that have been seamlessly rolled into cylindrical tubes. They
can be single-walled (SWCNTs), double-walled (DWCNTs) or multi-walled (MWCNTs)
depending on the number of concentric rings (Iijima, 1991, Iijima, 2002, Zhou et al.,
2002). The applicability of CNTs is often limited by their inherent incompatibility with
solvents and polymers.
With largely defect-free sidewalls CNTs are rather inert to chemical attack, tend
to be hydrophobic, and difficult to disperse or dissolve in water and other organic
solvents. Some level of functionalization is therefore, required prior to their utilization in
real-world applications. This has mandated a plethora of studies on the solubilization of
CNTs using diverse techniques (Tasis et al., 2006).The three main approaches that have
been used to solubilize CNTs are; surfactant-based solubilization (Islam et al., 2003),
non-covalent wrapping/adsorption, where soluble polymers have been wrapped on the
CNTs (Lin et al., 2003), and covalent functionalization involving chemical modification
of the CNT surface (Mickelson et al., 1999, Huang et al., 2002, Pompeo and Resasco,
2002, Peng et al., 2009, Wang et al., 2005a, Chen and Mitra, 2008). The latter techniques
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include covalent tethering, such as, fluorination (Mickelson et al., 1999), amidation
(Huang et al., 2002), glucosamine attachment, and sidewall carboxylic acid
functionalization (Peng et al., 2009).

1.2 Carbon Nanotube Functionalization
Carbon nanotubes in their pristine form are generally chemically stable and insoluble in
water or organic solvents. This limits their applicability in systems that require the
preparation of homogenous mixtures of CNTs with different organic, inorganic, and
polymeric materials. Some level of functionalization is therefore, necessary where certain
molecules or functional groups are physically or chemically attached to their sidewalls
without significantly changing their physical/electronic properties. Several routes to CNT
functionalization have been reported (Hirsch and Vostrowsky, 2005) however, noncovalent wrapping/adsorption and covalent tethering are the two main routes which have
been extensively investigated. Covalent functionalization is based on covalent linkage of
functional entities onto the nanotube’s carbon scaffold, either at the end caps of the tubes
or sidewalls. This can involve either a direct covalent functionalization where a change in
hybridization from sp2 to sp3 and a simultaneous loss of conjugation occurs, or defect
functionalization where chemical transformations occur at defect sites already present at
the open ends or the sidewalls, or pentagon and heptagon irregularities in the graphene
framework. Non-covalent functionalization on the other hand involves supramolecular
complexation using various adsorption forces, such as van der Waals’ and π-stacking
interactions.
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Various covalent reactions have been developed to functionalize carbon
nanotubes, oxidation being one of the most common. CNT oxidation is carried out with
oxidizing agents such as nitric acid (Niyogi et al., 2007, Chen and Mitra, 2008). During
the process, carboxyl groups are formed at the ends of tubes as well as at the defects on
the sidewalls. Further modification can be achieved by attaching hydrophilic polymers
such as poly(ethylene glycol) (PEG) to oxidized CNTs, yielding CNT-polymer
conjugates stable in biological environments (Zhao et al., 2005, Liu et al., 2007, Schipper
et al., 2008). Another widely used type of covalent reaction to functionalize CNTs is the
cylcoaddition reaction. [2+1] cycloadditions can be conducted by photochemical reaction
of CNTs with azides (Moghaddam et al., 2003, Lee et al., 2005) or carbene generating
compounds via the Bingel reaction (Coleman et al., 2003, Umeyama et al., 2007). A 1,3dipolar cycloaddition reaction on CNTs developed by Tagmatarchis and Prato is now a
commonly used reaction (Georgakilas et al., 2002, Tagmatarchis and Prato, 2004). An
azomethine-ylide generated by condensation of an α-amino acid and an aldehyde is added
to the graphitic surface, forming a pyrrolidine ring coupled to the CNT sidewall.
Functional groups (e.g., amino terminated PEG) introduced via a modified α-amino acid
can be used for further conjugation of biological molecules such as peptides or drugs
(Lam et al., 2004, Pastorin et al., 2006).
In contrast to covalent functionalization, noncovalent functionalization of CNTs
can be carried out by coating CNTs with amphiphilic surfactant molecules or polymers.
Taking advantage of the π-π interaction between pyrene and the nanotube surface, pyrene
derivatives have been used to noncovalently functionalize carbon nanotubes (Chen et al.,
2001, Wu et al., 2008). Polymers such as poly-aminobenzoic sulfonic acid (PABS),
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polyimide, polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) (O'Connell et al.,
2001, Addo Ntim et al., 2011) have been attached to CNT surfaces. Chen et al. showed
that proteins can be immobilized on SWCNTs functionalized by an amine-reactive
pyrene derivative (Chen et al., 2001). A recent study conducted by Wu et al. also used
pyrene conjugated glycodendrimers to solublize carbon nanotubes (Wu et al., 2008).
Beside pyrene derivatives, single-stranded DNA molecules have been widely used to
solubilize SWCNTs by virtue of the π-π stacking between aromatic DNA base units and
the nanotube surface (Tu and Zheng, 2008). Fluorescein (FITC) terminated PEG chains
have also been used to solubilize SWCNTs with the aromatic FITC domain π-π stacked
on the nanotube surface, yielding SWCNTs having visible fluorescence which are useful
for biological detection and imaging (Nakayama-Ratchford et al., 2007). Noncovalent
functionalization of SWCNTs by PEGylated phospholipids (PL-PEG) have also been
reported (Liu et al., 2007, Liu et al., 2008).

1.3 Physicochemical Characterization
The key physicochemical properties of the CNTs are often determined by electron
microscopy (SEM and TEM), Atomic Force Microscopy (AFM), thermogravimetric
analysis (TGA), Raman Spectroscopy and Fourier Transform Infrared spectroscopy
(FTIR). Saleh et al. used a high resolution transmission electron microscope to image
MWCNT and SWCNT samples to determine the diameter and length distribution (Saleh
et al., 2008, Saleh et al., 2010). The TEM data showed significant debundling and
shortening of the MWCNTs after sonication and dark spherical features on the image
which they presumed to be catalyst particles. Isolated single MWCNTs were also
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observed which they attributed to a high degree of dispersion due to the sonication
treatment. The diameter and length distribution reported based on the TEM analysis was
not in agreement with the data supplied by the MWCNT manufacturer (Saleh et al.,
2008). A similar tube shortening with sonication was observed from the TEM images of
the SWCNTs (Saleh et al., 2010). It was also observed that the majority of the tubes were
SWCNTs, with few larger diameter tubes, most likely doublewalled or multiwalled
(Saleh et al., 2010). Several other studies have used high resolution TEM to study the
morphology of CNTs mainly confirming tube structure before and after processing (Jiang
et al., 2003, Sinani et al., 2005, Shieh et al., 2007, Heister et al., 2010).
In instances where TEM was not used SEM was used to characterize tube
morphology (Jiang et al., 2003, Shieh et al., 2007, Wang et al., 2010, Addo Ntim et al.,
2011, Desai et al., 2012). Wang et al. used Scanning Electron Microscope equipped with
an energy-dispersive X-ray analyzer (EDS) to demonstrate that MWCNTs after acid
functionalization retained their tube structure with minimal visible damage. The EDS
system attached to the SEM was used to analyze the elemental composition in the asprepared and functionalized MWCNTs (Wang et al., 2010).
In most of the studies involving functionalized CNTs, FTIR is used to confirm the
presence of functional groups (Shieh et al., 2007, Wang et al., 2010). The carboxylic
(C=O) stretching frequency in oxidized MWCNTs is often reported to occur around 1700
cm-1 with the O–H vibration occurring around 3400 cm-1 (Shieh et al., 2007, Wang et al.,
2010). The purity of CNTs studied, and in some instances percentage of functional
groups present, are investigated using TGA. TGA is carried out either under an air or
nitrogen flow at specified flow and heating rates. As-prepared MWCNTs often
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decompose between 500–600°C with SWCNTs decomposing around 450°C (Saleh et al.,
2010).
Raman spectroscopy has been used to estimate SWCNT diameter and also to
obtain information about its defect levels. A typical Raman spectra of SWCNTs exhibits
two active Raman signature modes, namely, the radial breathing mode (RBM, near 200
cm-1) and a high-energy mode (HEM or “G” band, near 1600 cm-1), and another electric
resonance mode originating from double resonance called the “D” band (near 1300 cm-1).
The Raman shift frequency at the RBM mode is correlated with SWCNT diameter using
semiempirical relationships. Saleh et al. (2010) estimated the diameter of SWCNTs based
on their Raman spectra to be 0.87-1.42 nm. It was also reported that the defect density in
SWCNTs estimated by the G/D ratio was lower in sonicated SWCNTs than in asprepared SWNTs indicating an increase in defect density due to successive sonication of
the SWCNT samples, consistent with previous observation with MWCNTs (Saleh et al.,
2008). Heister et al. used Raman spectra to confirm diameter of SWCNT and to
demonstrate that NaOH washing of oxidized SWCNTs removes oxidative debris
resulting in slightly lower D/G ratio, indicating the removal of defective material from
the sample (Heister et al., 2010).

1.4 Dispersibility of Carbon Nanotubes
Extensive use of CNTs in industry and the consumer market will increase the likelihood
of CNT exposure to the natural environment. CNTs can be released into the environment
via wastewater discharge as point source emissions from manufacturing industries
(Wiesner et al., 2006). Upon release, they will interact with the aquatic environment and
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biological species. Depending on the interplay between electrostatic and van der Waals
interactions, they may aggregate or persist in aqueous media as homogenous dispersions
(Thess et al., 1996). The aggregation state of CNTs therefore, has a strong influence on
their fate and transport in the environment. Therefore, understanding the factors
governing the aggregation behavior of CNTs is key to evaluating their potential
interaction with biological species. Literature on CNT aggregation has mostly been
centered on enhancement of their aqueous solubility, either by dispersing CNTs by
surfactant (Jiang et al., 2003, Lisunova et al., 2006), polymer adsorption (Jung et al.,
2004), or by introducing oxygen containing functional groups on the surface through acid
treatment (Wang et al., 2005a, Chen and Mitra, 2008, Peng et al., 2009). However, in
recent years the number of studies evaluating the aggregation behavior of CNTs in the
presence of electrolytes has increased significantly, where time-resolved dynamic light
scattering (TRDLS), Raman spectroscopy, zeta-potential measurements, and UV-Visible
spectroscopy have been used to investigate the aggregation kinetics of CNTs in aqueous
and physiological media (Smith et al., 2009, Peng et al., 2009).
The dispersal state of CNTs is also one of the most important physicochemical
characteristics that need critical attention during cytotoxicological studies because this
determines their bioavailability and therefore, interactions at the nano-bio interface.
Therefore, understanding the mechanisms involved in controlling the state of CNT
agglomeration in physiological media is very important to assess the toxic effects
expressed by aggregated tubes as opposed to the dispersed ones. Since there is a high
propensity for CNTs to aggregate due to electrostatic attractions, efforts have been aimed
at achieving well dispersed CNT formulations for toxicological analysis using surfactants
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and dispersing agents. Some dispersants such as fetal bovine serum, tween and
bronchoalveolar lavage (BAL) of rodents have been successfully used in dispersing
CNTs in tissue culture media (Shvedova et al., 2003, Warheit et al., 2004, Jia et al., 2005,
Muller et al., 2005, Sager et al., 2007, Porter et al., 2008). Synergistic effects of proteins
and surfactants in CNT dispersion have also been reported (Chen et al., 2001, Li et al.,
2004). The effect of the dispersal state of CNTs on their cytotoxicity has also been
reported with varied impacts on cell activity and proliferation observed (Shvedova et al.,
2005, Wick et al., 2007, Mercer et al., 2008).

1.4.1

CNT Electrokinetic Properties

A charged colloidal particle suspended in an electrolyte solution is surrounded by a cloud
of counterions which contribute to a set of surface charges and countercharges called the
electric double layer. This plays an essential role in various interfacial electrical
phenomena on the particle surface and in the particle–particle interaction in the colloid
suspension. The surface potential on colloid particles is generally difficult to measure.
However, the potential near the particle surface called the zeta (ζ) potential is measurable.
The ζ-potential provides useful information regarding the stability of colloidal
suspensions

in

diverse

applications

including

food

preparations,

agriculture,

pharmaceuticals, paper industry, ceramics, paints, coatings, photographic emulsions, etc.
Zeta potential has been used to study the stability of MWCNT dispersions and the
influence of counterions on their aggregation behavior (Peng et al., 2009). In some cases
electrophoretic mobility (EPM) which is essentially the migration of charged colloidal
particles through a solution under the influence of an applied electric field has been used

9
instead of zeta potential (Saleh et al., 2008, Smith et al., 2009, Saleh et al., 2010).
Generally CNTs exhibit negative surface potential in aqueous systems (Jiang et al., 2003,
Saleh et al., 2008, Peng et al., 2009, Smith et al., 2009, Saleh et al., 2010). While the
negative surface charge in functionalized CNTs is attributed to the presence of acidic
groups introduced through acid treatment, the origin of surface charge is not fully
understood for unfunctionalized carbon-based nanomaterials such as fullerenes and
CNTs.
Jiang et al. reported that adsorption of sodium dodecyl sulfate (SDS) improved
the zeta potential of CNT dispersions at pHs below 8. This was however, not observed at
higher pH values where the zeta potential values were essentially the same for both
dispersion systems (with and without SDS) (Jiang et al., 2003). This was attributed to the
presence of acidic sites on the surface of the CNTs purified by acid treatment which can
be dissociated in the alkaline solutions. It was demonstrated that the presence of SDS
resulted in more negative zeta potential values (-40 mV) translating to better stabilized
MWCNT dispersions, than was observed in the dispersions without SDS (-30 mV). This
was true for the entire pH range studied (3-11). The effect of SDS was attributed to the
electrostatic repulsion provided by adsorbed surfactants which stabilized the CNTs
against van der Waals attraction (Vigolo et al., 2000). In a similar study by Saleh et al.
(2008) the EPM of MWCNTs dispersions was reported to decrease, becoming less
negative with increasing salt concentration. The presence of defects on the surface of
CNTs in the form of pentagon and heptagon irregularities at their carbon scaffold and
also incomplete carbon rings at the end termini make the sidewalls and tube-ends
susceptible to oxidation to form carboxyl and hydroxyl functional groups (Hirsch and
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Vostrowsky, 2005). These functional groups present on the CNT surface accounts for the
strong dependence of EPM on solution pH. Saleh et al. (2008) observed that the presence
of Suwannee River humic acid (SRHA) did not significantly affect the EPM of the
MWCNT dispersions under the solution chemistries investigated. In another study
involving SWCNTs in the presence of biomacromolecules and humic acid, Saleh et al.
(2010) reported a similar decrease in EPM with increasing salts concentration as was
observed for the MWCNTs (Saleh et al., 2008). The SWCNTs were observed to have a
negative surface charge which the authors attributed to mechanochemistry (Saleh et al.,
2010). The presence of biomacromolecules and humic acid did not significantly increase
in the EPM values of the SWCNTs contrary to previous observations where adsorbed
surfactants and polyelectrolytes reportedly enhanced the EPM of SWCNTs (Liu et al.,
2007, White et al., 2007).
Smith et al. (2008) investigated the influence of pH on the EPM of oxidized
MWCNT in the presence of 64 mM NaCl. The EPM values decreased with increasing pH
from pH 3 to 5 with the values remaining fairly stable above pH 6, independent of the
electrolyte concentration (Smith et al., 2009). This was consistent with previously
reported EPM measurements of oxidized carbon nanotubes (Esumi et al., 1996, Hu et al.,
2005). A similar observation was made by Peng et al. while investigating the effect of
electrolytes on the stability of oxidized MWCNTs (Peng et al., 2009).

1.4.2

Aggregation Behavior in Aqueous Media and the Effect of Electrolytes

The aggregation behavior of both as-prepared and functionalized carbon nanotubes in
aqueous media have been studied, with particular emphasis on the influence of dissolved
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salts and pH. In some instances the effects of natural organic matter and
biomacromolecules have also been investigated. Precipitation of CNTs under the
influence of different salts often show dependence on the charge on the cations, and in
general these nanoparticles have followed the well-established Derjaguin-LandauVerwey-Overbeek (DLVO) theory (Derjaguin and Landau, 1993, Verwey and Overbeek,
1999). In aqueous systems, electrolyte ions are known to coagulate certain colloidal sols.
It is well-known that the critical coagulation concentration (ccc), the minimum
concentration of ions necessary to cause rapid coagulation of colloids follows the
Schulze-Hardy rule

( )

(1.1)

where z is the valence of the electrolyte counterions. Typically, n is 6 in three dimensions
(3D) and 9 in two dimensions (Sano et al., 2000). According to the DLVO theory, the
Schulze-Hardy rule results from interplay between van der Waals attraction and electric
double-layer repulsion (Israelachvili, 2010).
Sano et al. were among the first group to investigate the colloidal nature of
SWCNTs in electrolyte solutions particularly emphasizing the dependence on the
Schulze-Hardy rule (Sano et al., 2001). The aggregation behavior of 0.6mg/mL
dispersions of shortened, oxidized SWCNTs was studied in the presence of Na+, K+,
Mg2+, Ca3+, La3+ and Ce3+ by first dispersing the SWCNTs in an electrolyte solution by
utrasonication and then measuring the UV absorbance of the supenantant after allowing
the dispersions to sit undisturbed for 12 hrs at room temperature. The ccc values obtained
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for Na+, K+, Mg2+, Ca3+, La3+ and Ce3+ were 37, 26, 0.31, 0.20, 0.050 and 0.052,
respectively. A clear inverse relationship between the ccc values and the counterion
valence z was observed, and a plot of the double logarithm of the ccc values against
valence z produced a straight line with a slope of -6 (Sano et al., 2001). It was therefore,
concluded that SWCNTs followed the 3D Schulze-Hardy rule.
Jiang et al. used a UV-Visible spectrophotometric method to compare the stability
of CNT dispersion made with and without SDS (Jiang et al., 2003). CNT dispersions at
0.2 wt% were made with and without SDS (0.1wt%) at pH 9 and the UV-Visible
absorbance of the dispersions was measured as a function of time over a period of 500 h.
It was observed that in both dispersions, CNT concentration reduced with time, with the
SDS stabilized dispersion showing better stability (Jiang et al. 2003). The optimal
conditions necessary to make stable homogenous CNT dispersions were reported to be
0.5 wt% CNT and 2.0 wt% SDS. Aqueous dispersions of SWCNTs containing individual
tubes can be achieved using SDS. Once intertube van der Waals attraction is overcome
by intense sonication, free SDS adsorbs to SWCNT surfaces and creates a net surface
density of negative charge, which prevents SWCNT reaggregation. Any change in the
surface charge density or solubility of the surfactant that eliminates the electrostatic
repulsion between the nanotubes will cause SWCNTs to aggregate and coagulate (Tan
and Resasco, 2005). Niyogi et al. demonstrated that by controlling the interplay between
intermolecular and surface forces of SDS in water it was possible to engineer the
resultant Van de Waals attraction between SWCNTs to achieve selective aggregation
(Niyogi et al., 2007). The absorbance and emission spectra of SDS assisted SWCNT
dispersions were studied after the addition of NaCl and it was observed that the addition

13
of Na+ decreased the electrostatic repulsion between SDS molecules resulting in an
increase in their aggregation number. Thus, manipulation of SDS equilibria results in loss
of free SDS in solution through precipitation or further micellization, causing a loss in
SWCNT-bound in response. This results in nanotube aggregation as electrostatic
repulsion is reduced (Niyogi et al., 2007). A dependence on the DLVO theory of the
SWCNT aggregation was observed where an increase in salt concentration resulted in a
corresponding increase in CNT aggregation. The valence of counterions also affected the
SWCNT aggregation according to the Schulze-Hardy rule.
Sinani et al. studied the stability of positively charged suspensions of SWCNTs
and MWCNTs in water and/or mixed polar solvents, investigating the influence of CNT
manufacturer on suspension stability, SWCNTs from three different vendors were studied
(Sinani et al., 2005). Several block copolymers namely poly(N-cetyl-4-vinylpyridinium
bromide-co-N-ethyl-4-vinylpyridinium

bromide-co-

4-vinylpyridine)

(16/75/9),

poly(vinylpyrro-lidone-co-allylamine), poly(N-ethyl-4-vinylpyridinium bromide-co-4vinylpyridine)

(94/6),

poly(N-ethyl-4-vinylpyridinium

bromide-co-4-vinylpyridine)

(30/70), and poly-(N-dodecyl-4-vinylpyridinium bromide-co-N-ethyl-4-vinylpyridinium
bromide-co-4-vinyl-pyridine (36/51/13) were examined as CNT dispersing agents. It was
observed

that

only

poly(N-cetyl-4-vinylpyridinium

vinylpyridinium

bromide-co-

4-vinylpyridine)

(16/75/9)

vinylpyridinium

bromide-co-N-ethyl-4-vinylpyridinium

bromide-co-N-ethyl-4and

poly-(N-dodecyl-4-

bromide-co-4-vinyl-pyridine

(36/51/13) displayed efficient solubilization of the CNTs. It was speculated that those
two polymers could potentially be used as universal dispersing agents based on the fact
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that they successfully produced stable dispersions of both SWCNT and MWCNT and
also the difference in CNT vendors did not affect the stability of the colloidal system.
Saleh et al. (2008) investigated the initial aggregation kinetics of as-prepared MWNCTs
using time-resolved dynamic light scattering (TRDLS) (Saleh et al., 2008). They
evaluated the influence of pH, concentration of monovalent (NaCl) and divalent (CaCl2
and MgCl2) salts and the presence of natural organic matter (Suwannee River humic acid,
SRHA) on the aggregation kinetics of the MWCNTs. A TRDLS method was used to
study the initial aggregation kinetics of MWCNT in the presence of electrolytes and
natural organic matter where the hydrodynamic radius of the MWCNTs in the dispersion
was measured as function of time over a period of 3 hours to obtain approximately 30%
increase in the original hydrodynamic radius of the MWCNTs. The attachment efficiency
of the MWCNTs was then determined based on the initial aggregation rate constant k of
MWNTs which is proportional to the initial rate of increase in the hydrodynamic radius,
Rh, with time, t, and the inverse of MWNT concentration N0 (Chen and Elimelech, 2007):

(

)

(1.2)

For MWCNT dispersions with the same nanotube concentration, the attachment
efficiency, α, (which is also the inverse of the Fuchs stability ratio, W, commonly used in
colloidal stability studies) is obtained by dividing the initial slope of the aggregation
profile of a given solution chemistry by the initial slope obtained under favorable (fast)
aggregation conditions:
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(
(

)

(1.3)

)

where the subscript “fast” represents favorable solution conditions, under which rapid,
diffusion-limited aggregation takes place. The ccc values are then obtained from the
intersection

of

the

slow

and

fast

aggregation

regimes

of

the

attachment

efficiency/electrolyte concentration profile.
Saleh et al. (2008) observed an increase in MWCNT aggregation with increasing
salt concentration and counterion valence consistent with the DLVO theory and the
Schulze-Hardy rule. The ccc value obtained for the monovalent NaCl was 25mM, slightly
lower than the value obtained by Sano and coworkers for SWCNT (37mM) [17]. For the
divalent salts however, the ccc values (2.6 mM Ca2+ and 1.5 mM Mg2+) were higher than
those for SWCNT (0.2 mM Ca2+ and 0.3 mM Mg2+) (Sano et al. 2001). The attachment
efficiencies of the MWCNTs were observed to significantly decrease in the presence of
SRHA for aqueous solutions containing monovalent and divalent salts. This was
attributed to non-DLVO, steric stabilization due to the presence of adsorbed humic
macromolecules (Saleh et al., 2008) and was consistent with previous observations
(Tipping and Ohnstad, 1984, Buffle et al., 1998, Heidmann et al., 2004, Chen and
Elimelech, 2007). Humic and fulvic acid molecules have been reported to associate with
fullerenes and MWCNTs through π-π interactions between the cross-linked aromatic
networks (Terashima and Nagao, 2007, Hyung et al., 2007, Hyung and Kim, 2008), Saleh
et al. (2010) investigated the effect of biomacromolecules and humic acid on the
aggregation kinetics of SWCNTs in the presence of electrolytes. The biomacromolecules
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used were sodium alginate, bovine serum albumin (BSA), a microbial culture medium
[Luria-Bertani (LB) broth], and Suwannee River humic acid (SRHA), in the presence of
NaCl and CaCl2 salts. SWCNT stability curves were constructed using the aggregation
kinetics data from which the critical coagulation concentrations for the monovalent and
divalent salts were determined. The SWCNT preparation protocol and the aggregation
studies were conducted in the same manner as the MWCNTs (Saleh et al., 2008). It was
demonstrated that the mechanism of stabilization of the SWCNTs in aqueous media
followed DLVO type interactions. The ccc values reported were 20 mM NaCl and ∼2
mM CaCl2, which were lower than reported values in literature the for SWCNTs and
MWCNTs (Saleh et al., 2008, Sano et al., 2001). The authors reported an observed
reduction in the aggregation rate of SWCNTs in the presence of biomacromolecules and
SRHA, in the order; BSA>SRHA>LB>alginate. It was further observed that for the salt
concentrations examined, none of the stability profiles with biomacromolecules or SRHA
reached the favorable aggregation regime, demonstrating that the presence of
biomacromolecules and SRHA enhanced the stability of SWNTs even at high salt
concentrations. The authors observed at high CaCl2 concentrations, the aggregation of
SWCNTs increased in the presence of alginate resulting in attachment efficiencies greater
than 1. This was attributed to alginate molecule bridging of SWNTs with Ca2+.
Smith et al conducted a similar study with oxidized MWCNTs prepared by
refluxing pristine MWCNTs in nitric acid, reporting a similar influence of counterion
concentration and valence on the observed aggregation behavior (Smith et al., 2009).
Their work differed from that of Saleh and coworkers (Saleh et al., 2008) only in the
oxidation of the MWCNTs. The influence of natural organic matter was not investigated.
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The ccc values obtained using TRDLS in the presence of Na+, Mg2+ and Ca2+ were 93±5
mM, 1.8 mM and 1.2 mM, respectively. While these values were similar to those
reported by Saleh and coworkers (Saleh et al., 2008) in the case of the divalent salts, the
monovalent NaCl gave a much higher ccc value. Peng et al. used UV-visible absorption
to study the stability of nitric acid oxidized MWCNTs over a 30 day period and
investigated the influence of salts. Their investigations showed that during the 30 day
aging time, the oxidized MWCNT dispersion showed characteristic UV–vis absorbance
peaks at 252nm with the MWCNTs concentration reducing to 85% of the initial
concentration after 30 days (Peng et al., 2009). An apparent dependence on counterion
valence was observed in agreement with the Schulze-Hardy rule. The minimum
concentration of Na+, K+, Mg2+, Ca2+, Fe3+ and Al3+ required to cause precipitation in the
MWCNT dispersions were determined based on a previously reported procedure (Peng et
al., 2009) and termed precipitation value. This value is similar to ccc values however,
their determination may not be as accurate as the procedure for ccc determination.
Oxidized CNT dispersions were mixed with different concentrations of salt solutions at
pH 6.0±0.2 after 2 hrs of standing. The minimum salt concentration at which oxidized
CNTs precipitated was determined as the precipitation value (Peng et al., 2009). The
reported values for Na+, K+, Mg2+, Ca2+, Fe3+ and Al3+ were 185 mM, 125 mM, 1.05 mM,
0.55 mM, 0.15 mM, and 0.036 mM, respectively.
While the ccc values in the presence of divalent and trivalent salts appear to be
reproducible across these studies, the values obtained for monovalent salts vary quite a
bit (Sano et al., 2001, Saleh et al., 2008, Smith et al., 2009, Saleh et al., 2010, Addo Ntim
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and Mitra, 2011). Generally values obtained for as-prepared CNTs were lower than
oxidized ones.

1.4.3

Aggregation Behavior in Biological Media

Physiological fluids contain various proteins and other organic molecules, as well as high
salt concentrations, and sometimes variation in pH, making it extremely important for
CNT dispersions intended for in vitro or in vivo experiments to be stable under the
prevailing conditions. The review of the aggregation behavior of CNTs in the presence of
electrolytes has established that the solubility of CNTs depends on the pH, decreases with
increasing salt concentration, and the presence of biomacromolecules may influence their
aggregation behavior. Some of the key factors involved in CNT aggregation are
hydrophobicity, attractive van der Waals forces, and the potential influence of electrical
double layer formation on the surface of functionalized CNTs (Girifalco et al., 2000). The
hydrophobic surface properties of CNTs make them associate readily with biological
macromolecules, such as proteins (Shim et al., 2002, Karajanagi et al., 2004, Shi Kam et
al., 2004) and antibodies (Sager et al., 2007), as well as natural organic matter, such as
humic substances (Hyung et al., 2007). The interaction of CNTs with macromolecules is
inevitable in biological systems including culture media that contain macromolecules
such as enzymes, proteins, DNA, and polysaccharides. Dispersing agents have been used
in the preparation of relatively well dispersed CNT suspensions. A number of
investigators have studied the aggregation behavior of CNTs in culture media with
particular emphasis on the effect of macromolecules, polymers and surfactants.
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In an effort to develop quantitative methods for assessing CNT dispersibility in
water and tissue culture media, Wang et al. (2010) investigated the dispersibility of three
MWCNT derivatives: as-prepared (AP-MWCNT), purified (PD-MWCNT) and
carboxylated (COOH-MWCNT). It was demonstrated that partitioning coefficient,
suspension stability index, attachment efficiency, and dynamic light scattering (DLS)
could be used systematically in preparing stable MWCNT suspensions through the use of
the

protein

Bovine

Serum

Albumen

(BSA)

and

the

phospholipid

Dipalmitoylphosphatidylcholine (DPPC). The hydrophobicity index for the different
MWCNT derivatives was calculated using the light absorbance of the CNT dispersions in
distilled H2O, phenol red-free Dulbecco’s Modified Eagle’s Medium (DMEM) and
Bronchial Epithelial Basal Medium (BEBM) before and after n-octanol extraction. It was
demonstrated that AP-MWCNTs and PD-MWCNTs had relatively higher hydrophobicity
indices than the COOH-MWCNTs, which was in agreement with their zeta potential
values, where COOH-MWCNT had a relatively higher negative value compared to APMWCNT and PD-MWCNT. This was attributed to electrostatic repulsion by surface
carboxyl groups present in COOH-MWCNT which was non-existent in others. Following
the addition of BSA, the zeta potential values of the aqueous dispersions of AP-MWCNT
and PD-MWCNT were observed to significantly increase, which was attributed to direct
binding of BSA to the hydrophobic tube surfaces providing steric stabilization (Chen et
al., 2003) and also electrosteric hindrance as a result of the anionic nature of BSA at
neutral pH. The influence of BSA on the stability of the more hydrophilic COOHMWCNT was however, attributed to steric hindrance.
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The aggregation kinetics of COOH-MWCNT in PBS was investigated with and
without BSA, and it was observed that the presence of BSA resulted in significantly
lower attachment efficiencies indicating a significant contribution of BSA towards
stabilizing COOH-MWCNT. This was attributed to a combination of steric and
electrosteric hindrances from attached BSA and possible Ca2+ bridging of the protein to
the CNT surface. UV-visible spectroscopy was used to establish a stability index for the
CNTs in Bronchial epithelial growth medium (BEGM) and DMEM and after addition of
BSA and DPPC to assess their influence on the stability of the MWCNT derivatives
(Wang et al., 2010). It was observed that while BSA significantly improved the stability
of the CNTs, DPPC showed no improvement. A combination of BSA and DPPC was
observed to synergistically improve the stability of the more hydrophobic CNTs.
Kim et al. investigated the macrodispersion of SWCNTs and MWCNTs in the
presence of BSA, Tween 80, DPPC, and dimethylsulfoxide (DMSO) using a light
absorbance method (Kim et al., 2011b). The dispersion stability of the dispersed CNTs
evaluated over a period of 16 weeks indicated that BSA was the best among the
dispersants studied for both SWCNT and MWCNT which was in agreement with the data
reported by Wang et al. (2010). Heister et al. demonstrated an influence of CNT
dimensions and surface functionalities on their aqueous dispersibility and in vitro
behavior. The effect of CNT dimensions and surface properties on their dispersion
stability was investigated in salt solutions at different pHs and concentrations and in
biological fluids, such as cellular growth media and human plasma, and their toxicity
toward cancer cells. It was also demonstrated that oxidation debris arising from the
functionalization process tends to enhance stability of CNTs in dispersions by acting as a
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pseudosurfactant or charge buffer (Heister et al., 2010). The influence of MWCNT
dispersal state on their toxicity has been reported where CNTs that were well-dispersed
with BSA and DPPC induced TGF-β1 and Platelet-Derived Growth Factor AA (PDGFAA) production in the lung in parallel with prominent granulomatous inflammation and
fibrosis around small airways, which was not as pronounced in the case of their nondispersed counterparts(Wang et al., 2011).
While significant effort has gone into these studies, much is unknown as far as
colloidal stability as a function CNT size, morphology and surface functionalization.

1.5 Adsorption on Carbon Nanotubes for Potential Water Purification
The water resources of the world have been contaminated with widespread natural and
anthropogenic pollution, leading to the scarcity of potable water. These problems range
from Arsenic in natural waters to emerging contaminants such as pharmaceutical residues
in drinking water (Vidyasagar, 2007). While millions of people are at risk from Arsenic
pollution in India and Bangladesh, and the US-EPA has published a 10 ppb (0.01 mg/L)
standard for arsenic in drinking water, no standards exist for pharmaceutical residues,
which also pose significant threat to public health (Vidyasagar, 2007). In short, water
pollution problems are diverse with each posing a unique challenge.
Conventional technologies for water treatment are oxidation, coagulation/coprecipitation, nanofiltration, reverse osmosis, electro dialysis, adsorption, ion exchange,
foam flotation, solvent extraction and bioremediation (Václavíková et al., 2009). Most of
these techniques are well developed and have their advantages and disadvantages that
may range from the generation of toxic waste to low removal efficiency and high cost
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(Václavíková et al., 2009). Adsorption has proven to be an efficient method for water
treatment and a wide range of materials including zeolites, metals, metal oxides, clay,
biological materials, polymeric resins, activated carbons, alumina, metal coated sand, and
natural ores have been studied (Václavíková et al., 2009). New high performance sorbent
materials are needed to meet the challenge of providing clean water to the world. These
should have specifically designed structures that will allow them to selectively bind
targeted contaminants from complex water matrices, and then they need be regenerated in
a controlled fashion for cyclability.
The selection of sorbent materials for water purification applications is usually
carried out by trial-and-error, such as the testing of a variety of commercially available
activated carbons or zeolites. The development of next-generation sorption materials
requires a rational design based on a fundamental understanding of the sorption
mechanisms, and the ability to synthesize diverse materials in a controlled fashion. Such
new strategies for formulating optimized architectures can be translated into
revolutionary new materials for improved water purification. For example, high-surfacearea activated carbons are prepared using a top-down approach employing chemical,
pyrolytic or physical activation which leads to a wide (even random) distribution in pore
sizes. Alternate synthesis routes incorporating a bottom-up strategy may be implemented
to achieve tailored materials where enhanced, selective sorption is achieved by surface
modification. Specific functional groups such as metal oxides or metal nano particles (or
clusters) with terminal functionality will not only enhance sorption but simultaneously
simplify solute release for regeneration.
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1.5.1

Conventional Sorbents for Water Treatment

Sorbents such as activated carbon, sand, activated alumina, silica gel, molecular sieve
carbon, molecular sieve and ion exchange resins have conventionally been used for water
treatment (Václavíková et al., 2009). Activated carbon, which is one of the most widely
used sorbents, has been used in both the granular and powdered forms for the removal of
organic as well inorganic pollutants. They are a crude form of graphite with a random,
amorphous, highly porous structure with a broad range of pore sizes (Sud et al., 2008).
Activated carbons have been prepared from materials such as coconut shells, wood char,
lignin, petroleum coke, and bone-char, and their pore structure as well as surface
characteristics vary widely (Sud et al., 2008). Sand has been employed in the removal of
lead, arsenic cadmium and zinc however, heavy metal adsorption on sand is often slow
with low adsorption capacities (Yadanaparthi et al., 2009). Activated alumina (AA),
prepared by thermal dehydration of aluminum hydroxide, has high surface area and a
distribution of both macro- and micro-pores. They have been used for the successful
removal of chromium (IV), arsenic and fluoride (Bishnoi et al., 2004, Tripathy et al.,
2006, Sud et al., 2008). Zeolites have received increasing attention for pollution control.
Both ion exchange and adsorption properties of zeolites have been exploited for the
selective separation of cations from aqueous solutions. Heavy metals removal from
industrial waste streams by the use of natural zeolites has long been applied in medium
and large scale installations with variable success (Dabrowski et al., 00 ). Ion exchange
polymers are known to be the most efficient of all sorbents for the removal of ions but
tend to be expensive (Romo-Herrera et al., 2006). While the above mentioned sorbents
show some excellent properties for water purification, novel sorbent structures with
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higher capacity and easier regeneratability is of great importance as water emerges as a
valuable and a scarce resource in the future.

1.6

Objectives

The objectives of this research are to;
o Investigate the influence of surface functionalization on the aggregation behavior of
functionalized CNTs in an ionic environment, comparing polymer wrapped CNTs
(MWCNT-PVP) and its carboxylated analog (MWCNT-COOH).
o Investigate the influence of tube dimensions on the aggregation kinetics of
carboxylated multiwall carbon nanotubes (c-MWCNTs) in electrolytic environments.
o Synthesize MWCNT-metal oxide nanohybrids (Fe-MWCNT and MWCNT-ZrO2)
using highly functionalized carbon nanotubes and study the removal of μg L-1 levels of
arsenic from water, to meet the US EPA drinking water standard of 10 μg L-1 and
investigate the cyclability of the spent sorbent.
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CHAPTER 2
EFFECTS OF POLYMER WRAPPING AND COVALENT
FUNCTIONALIZATION ON THE STABILITY OF MWCNT IN AQUEOUS
DISPERSIONS

As the applications of carbon nanotubes (CNTs) proliferate, mass production and
widespread use of these nanocarbons will continue to rise. In addition to the likelihood of
occupational exposure, there is the potential for environmental contamination. While raw,
unrefined, and hydrophobic carbon nanotubes tend to settle out of aqueous
media/environmentss into solid phases such as river sediments (Lin and Xing, 2008),
water dispersible, F-CNTs will contaminate water resources and will also be highly
bioavailable on exposure. Therefore, there is a need to develop an understanding of the
fate of F-CNTs in aqueous media.
Several different routes to aqueous dispersion of CNTs have been explored. The
most common approach includes the use of surfactants, and the covalent functionalization
of CNT surface using different oxidizing agents (Aitchison et al., 2007, Yu et al., 2007).
In addition, non-covalent interactions with different groups have been utilized to generate
water dispersible CNTs. Well established approaches include DNA wrapping (Daniel et
al., 2007, Wang et al., 2007b, Kharisov et al., 2008, Noguchi et al., 2008) and composite
formation with polymers such as polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA),
polyethylene glycol (PEG) and poly(ethylene oxide)-b-poly [2-(N,N-dimethylamino)ethyl
methacrylate] (PEO-b-PDMA) (Wise and Rayment, 2004, Wang et al., 2007b, Hu et al.,
2008).
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The colloidal behavior of CNT dispersions is important in understanding their fate
and transport in the aquatic environment, and several publications have addressed this
issue (Elimelech et al., 1995, Yurekli et al., 2004, Saleh et al., 2008). Aggregation
kinetics of CNTs have been studied using time-resolved dynamic light scattering
(TRDLS),

Raman

spectroscopy,

zeta-potential

measurements,

and

UV-Visible

spectroscopy (Chiang et al., 2001, Peng et al., 2009). Precipitation of the carboxylated
CNTs under the influence of different salts has shown (Manivannan et al., 2009, Smith et
al., 2009) that precipitation is dependent on the charge of the cations. In general these
nanoparticles have followed the well-established Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory (Derjaguin and Landau, 1993, Verwey and Overbeek, 1999).
The polymer-wrapped CNTs were prepared from purified MWCNTs which had
no surface modification and therefore, hydrophobic in nature. In an aqueous solution they
tend to agglomerate via van der Waals interactions. The grafting of the polymer onto the
surface eliminates these forces. Polyvinyl pyrrolidone is a highly water soluble polymer
which has been non-covalently grafted onto the CNTs surface. The polymer is attached to
the CNT surface at one end, and the long chains float in water repelling each other to
prevent aggregation. In an aqueous environment, these hydrophilic molecules prefer to
interact with water. Therefore, the presence of PVP on the CNT surface provides steric
stabilization and the aggregation behavior of the colloidal system may be quite different
from the carboxylated CNTs. Since the stabilization is not caused by the electrical double
layer, zeta potential data for such systems provide limited information. It has been shown
that while systems stabilized with ionic polymers tend to obey the DLVO theory, nonionic polymeric systems with low zeta potential may exhibit high stability (Troy, 2005).
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Therefore, the aggregation behavior of oxidized CNTs and those wrapped with a polymer
are expected to differ due to their modes of stabilization. The water dispersibility of
covalently functionalized CNTs originates from electrostatic repulsive forces between
negative surface charges, whereas a polymer wrapped CNT is stabilized sterically by the
presence of the hydrophilic polymer on the surface.
This Chapter presents the aggregation behavior of polymer modified CNTs in an
ionic environment showing how it differs from its carboxylated analog. Particularly
focusing on poly(vinylpyrrolidone) (PVP) wrapped MWCNTs, which have been used
extensively as aqueous dispersible CNTs.

2.1. Preparation of the F-CNTs:
Carboxylated multiwalled carbon nanotubes (MWCNT-COOH) were functionalized in a
Microwave Accelerated Reaction System (Mode: CEM Mars) fitted with internal
temperature and pressure controls according to an experimental procedures previously
published by our laboratory (Chen et al., 2007b, Chen and Mitra, 2008). Weighed
amounts of purified MWCNTs were treated with a mixture of concentrated H2SO4 and
HNO3 solution by subjecting them to microwave radiation at 140 °C for 20 min. This led
to the formation of carboxylic groups on the surface, leading to high aqueous
dispersibility. The resulting solid was filtered through a 10 μm membrane filter, washed
with water to a neutral pH and dried under vacuum at 80 °C to a constant weight.
MWCNT-PVP was prepared according to previously reported procedures
(O'Connell et al., 2001). Purified MWCNT was dispersed in deionized water at a
concentration of 50 mg L-1 with the aid of 1% sodium dodecyl sulfate (SDS) and 1 % by
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weight of PVP was added to the mixture, which was then incubated at 50 °C for 12 hrs.
The carbon nanotubes were then filtered through a 10 μm membrane filter and washed
with deionized water. This was followed by three cycles of ultrasonic redispersion in
deionized water to remove any residual SDS. The sample was filtered and dried under
vacuum at room temperature to a constant weight.

2.1.1
The

Characterization of the F-CNTs
materials

were

characterized

by scanning

electron

microscope

(SEM),

thermogravimetric analysis (TGA), and Fourier Transform Infrared spectroscopy (FTIR).
SEM Data was collected on a LEO 1530 VP Scanning Electron Microscope equipped
with an energy-dispersive X-ray analyzer. TGA was performed using a Pyris 1 TGA from
Perkin-Elmer Inc from 30 °C to 900 °C under a flow of air at 10 mL min-1, at a heating
rate of 10 °C per min. FTIR measurements were carried out in purified KBr pellets using
a Perkin-Elmer (Spectrum One) instrument.

2.1.2

Hydrophobicity and Stability Measurements

50 mg L-1 stock solutions of MWCNT-COOH and MWCNT-PVP were prepared by
sonicating weighed amounts of the F-CNTs in deionized water. Various concentrations of
F-CNTs used in this study were then prepared by diluting the stock solution by
ultrasonication. 400 mM stock solutions of sodium chloride (NaCl), sodium acetate
(NaOAc) and magnesium chloride (MgCl2) were prepared by dissolving weighed
amounts of salt in MilliQ water and dilution was carried out on an as-needed basis.
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The hydrophobicity of MWCNT-COOH and MWCNT-PVP was determined in deionized
water and in the presence of 25 mM and 100 mM salt solutions by measuring the UV
absorbance at 252 nm before and after extraction with 1-octanol. The stability of 25 mg
L-1 dispersions of the F-CNTs over a 24-hr period was determined in the presence of 25
mM solutions of sodium chloride, sodium acetate and magnesium chloride using UV
absorbance at 252 nm. This was measured at 0, 1, 2, 4, 6, and 24 hrs. the concentration of
carbon nanotubes at each point in time was determined based on calibration standards.

2.1.3

Dynamic Light Scattering and Zeta Potential Measurements

The hydrodynamic diameter of 1mg L-1 dispersions of the F-CNTs were measured as a
function of salt concentration at 25 oC using dynamic light scattering (Beckman Coulter
N4 Plus submicron particle size analyzer, operated at 90o detector angle), where the salt
concentrations ranged from 10 to 200 mM. The zeta potential of the F-CNT dispersions
was measured at a concentration of 5 mg L-1 at 25 oC using a Malvern Instrument
(Zetasizer nano ZS90). Measurements were made in deionized water and as a function of
electrolyte concentration. Data on CNT aggregation was collected using 1 mg L-1
dispersions of MWCNT-COOH and MWCNT-PVP in the presence of electrolyte
solutions whose concentrations ranged between 10 and 200 mM. The measurements were
performed for a time period ranging from 180 s to 3 hrs.
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2.2 Results and Discussion
2.2.1

Characterization

SEM images of MWCNT-COOH and MWCNT-PVP are presented in Figure 2.1. These
show that the CNTs remained intact after functionalization with minimal visible tube
damage.
The FTIR spectrum (Figure 2.2) confirmed the presence of functional groups in
the purified MWCNT, MWCNT-COOH and MWCNT-PVP. The carboxylic stretching
frequency in MCWNT-COOH occurred at 1716 cm-1. The stretching (O-H) vibration
occurred at 3440 cm-1 in the MWCNT-COOH spectrum (Figure 2.2b), which was clearly
absent from the purified MWCNT spectrum (Figure 2.2a). The carbonyl stretching
frequency from the amide group in PVP occurred at 1645 cm-1 (Figure 2.2c). In all the
samples, the peak around 1576 cm-1 was assigned to the C=C stretching of the carbon
skeleton.

(a)

(b)

Figure 2.1 Scanning Electron microscope images of (a) MWCNT-COOH and (b)
MWCNT-PVP.

31

3

(b)

% Transmittance

% Transmittance

(a)
2

1

25

3440
0
4000

3500

3000

2500

2000

Wavenumber (cm

1500

4000

1000

3500

-1

1716

3000

2500

2000

Wavenumber (cm

)

1576 1227

1500

1000

-1

)

% Transmittance

12

(c)

10

8

6

1645
4
4000

3500

3000

2500

2000

Wavenumber (cm

1401 1283

1500

1000

-1

)

Figure 2.2 FTIR spectra of (a) purified MWCNT, (b) MWCNT-COOH and (c)
MWCNT-PVP.

The TGA profile of MWCNT-PVP is presented in Figure 2.3c. It shows weight
loss in the 200 oC to 350 oC region. This was attributed to the decomposition of the PVP
wrapping on the CNT. A similar weight loss from 150 oC to 400 oC was observed in the
MWCNT-COOH profile (Figure 2.3b) due to the loss of the carboxylic groups introduced
through acid functionalization.
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Figure 2.3 TGA profiles of (a) purified MWCNT, (b) MWCNT-COOH and (c)
MWCNT-PVP.

2.2.2

Hydrophobicity

1-octanol/water partitioning was used to establish a hydrophobicity index (HI) for the two
MWCNT derivatives. This index was calculated based on UV-Visible absorption of the
F-CNT dispersions (at 252 nm) in the original water and after 1-octanol extraction. The
HI was computed as:

(2.1)

where, Ao is the UV-Visible absorbance of the F-CNTs before 1-octanol extraction and
Ai is the absorbance after extraction (Wang et al., 2010). Visual inspection of the phase
separation revealed that the tubes were homogeneously dispersed in the aqueous layer in
both cases, and this is shown in Figure 2.4. The hydrophilicity of both MWCNT-COOH
and MWCNT-PVP agreed with the relatively high negative surface charge, and the zeta
potentials in water were -43.7 eV and -42.2 eV, respectively. Although the zeta potential
values of the aqueous dispersions of the two F-CNTs were similar, their HI were quite
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diverse (Table 1), making them fundamentally different materials. The results showed
that both MWCNT-COOH and MWCNT-PVP had relatively low HI in deionized water,
preferring to partition in the aqueous phase. Among the two, MWCNT-PVP was more
hydrophilic.

A

B

C

D

Figure 2.4 1-octanol extraction of MWCNT-COOH from A; deionized water, B; 25 mM
NaCl, C; 25 mM NaOAc and D; 25 mM MgCl2.6H2O.
Table 1 compares the relative HI of the F-CNTs in deionized water, NaCl,
NaOAc and MgCl2. HI indices for the F-CNTs in the presence of the divalent Mg salt
were higher than in the monovalent Na, which was consistent with the Schulze-Hardy
Rule (Elimelech et al., 1995), where the critical coagulation concentration (ccc) depends
upon the counterion valence z (ranges from -2 to -6). While NaCl is neutral in an aqueous
environment (pKa 6.7-7.3), sodium acetate is basic (pKb 9.25). However, MWCNTCOOH is expected to be dissociated completely at both pH values accounting for the
similarity in their HI. The HI of the MWCNT-COOH in the monovalent Na salt solutions
was generally higher than those of MWCNT-PVP. This was attributed to the presence of
relatively weaker charges on the MWCNT-PVP surface for neutralization by the metal
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ions. On the other hand it is possible that PVP may partially unwrap (O'Connell et al.,
2001) from the tube surface during 1-octanol extraction making the tubes hydrophobic,
which may make them relatively insensitive to ionic strength.
It is known that the addition of an electrolyte to water changes the hydrogenbonded structure of water. The effects of salt species in a polymer wrapped CNT depends
on the interaction of the polymer with the solvent, the binding of water molecules to the
polymer, changes in the hydrogen bonding and the alteration in the hydration sheath due
to the added salt. PVP contains N-C=O units on the lactam rings, and these polar groups
are involved in the association with water molecules by hydrogen bonding. The addition
of salts into aqueous dispersions of MWCNT-PVP changed the association and/or
hydration, and could disrupt the highly oriented water molecules surrounding the polymer
leading to higher hydrophobicity (Schudel et al., 1997). MWCNT-PVP had a lower HI in
the presence of sodium chloride than sodium acetate, which is consistent with previous
reports where acetate ions were shown to be more effective in salting out PVP than the
chloride (Schudel et al., 1997).

Table 2.1 Hydrophobicity Index of the F-CNTs
Hydrophobicity Index %
DI
Water

NaCl
25mM
100mM

NaOAc
25mM
100mM

MgCl2
25mM

MWCNTCOOH

-4.15

38.29

73.39

47.38

74.68

100

MWCNTPVP

-62.57

26.31

10.27

40.64

39.38

100
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2.2.3

Aggregation of the F-CNTs

Figure 2.5a shows the particle size distribution of MWCNT-COOH and MWCNT-PVP in
water as a function of salt concentration. Agglomeration led to large particle size, which
increased with salt concentration. The two functional forms showed markedly different
behavior. The water dispersibility of MWCNT-COOH originates from the negatively
charged oxygen-containing groups on the CNT surface. In aqueous phase, the
electrostatic repulsive forces between negative surface charges of the oxygen-containing
groups may lead to stability of the MWCNT-COOH in water.

In the presence of

electrolyte solutions, positively charged metal ions neutralized the surface charges on the
MWCNT-COOH surface, and compressed the double layer of the dispersed nanotubes,
which lead to agglomeration. On the other hand, the CNTs in the MWCNT-PVP
dispersion were sterically stabilized by the presence of the hydrophilic polymer on the
surface. The diameter of the MWCNT-COOH increased gradually at low monovalent
salt concentration, but the size increased rapidly past a concentration of 100mM (Figure
2.5a). This was not observed in the case of PVP wrapped CNTs, where the size increase
was gradual even at high salt concentrations. The anions did not appear to have any effect
on the stability of the dispersions because the agglomeration in presence of NaOAc was
similar to that of NaCl. The presence of acetate did not lead to any common ion effect in
the case of MWNCT-COOH. It is interesting to note that in the case of MWCNT-COOH,
as compared to the monovalent Na salt, the divalent Mg led to a marked increase in the
particle size (nearly 4 times). The difference between the mono and the divalent salts was
not as pronounced in the case of MWCNT-PVP, implying that the aggregation behavior
was not as dependent on counterion valence in accordance to the Schulze-Hardy Rule
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(Elimelech et al., 1995). In general, these observations were consistent with the zeta
potential of the F-CNTs dispersions (Figure 2.5b), where an increase in salt concentration
led to less negative values.
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Figure 2.5 (a) Particle size distribution and (b) zeta potential of the F-CNTs as a function
of salt concentration.

Figure 2.6 shows the particle size distribution as a function of zeta potential for
the F-CNTs in the electrolyte media. It was observed that up to a point, the particle size
of the F-CNTs generally increased as their zeta potential became less negative with
increasing salt concentration. The size of the MWCNT-COOH showed a strong
dependence on zeta potential in the presence of the sodium salts, where the particle size
increased first linearly and then asymptotically. The effect was less pronounced in the
case of MWCNT-PVP and significantly lesser in the presence of the Mg salt.
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Figure 2.6 Particle size distribution as a function of zeta potential in the presence of (a)
sodium chloride, (b) sodium acetate and (c) magnesium chloride.

The initial aggregation kinetics of the F-CNTs was investigated using time resolved
dynamic light scattering. The initial rate of change in particle size (rh) is proportional to
kno where k is the initial aggregation rate constant and no is the initial concentration of the
MWCNTs (Güner and Ataman, 1994). The reciprocal of stability ratio 1/W or the
attachment efficiency α for suspensions with the same particle concentration were
computed according to equation 2.2.

(
(

)
)

(2.2)

where the subscript “fast” represents favorable solution conditions, under which rapid,
diffusion-limited aggregation takes place. The attachment efficiency, which is a measure
of the ratio of the initial slope of the aggregation profile in a given electrolyte system to
the slope obtained under fast aggregation conditions are shown in Figure 2.7. This shows
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the attachment efficiencies of the F-CNTs in NaCl and MgCl2 as a function of salt
concentration.
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Figure 2.7 Attachment efficiency of the F-CNTs as a function of Electrolyte
concentration. (a) MWCNT-COOH in MgCl2, (b) MWCNT-PVP in MgCl2, (c)
MWCNT-COOH in NaCl, and (d) MWCNT-PVP in NaCl.

Distinct unfavorable and favorable aggregation kinetics regimes, demarcated by the
critical coagulation concentration (ccc) (Figure 2.7) were observed. This indicated that
electrostatic DLVO type interactions was the dominant mechanism for stabilization. At
low ionic strengths, an increase in salt concentration led to a corresponding increase in
attachment efficiency. This is in line with Figure 5b, where an increase in electrolyte
concentration led to less negative zeta potential. At high concentrations, the attachment
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efficiency was no longer a function of concentration and remained constant. This was
similar to what had been reported previously (Saleh et al., 2008). Higher attachment
efficiencies were observed in the presence of the divalent Mg ion [Figure 2.7(a and b)]
which was also consistent with the zeta potential, where the latter became much less
negative with even small increase in Mg concentration.
The ccc values were estimated from the plot of the attachment efficiencies against
the salt concentration which shows the slow and fast aggregation regimes (Figure 2.7).
The ccc values were obtained from the intersection of the interpolated lines through the
slow and fast regimes. MWCNT-COOH showed higher attachment efficiencies than
MWCNT-PVP [Figure 2.7 (c and d)], which was evident from the ccc values. For
example, the ccc values were 0.6 mM and 18 mM of MgCl2 for MWCNT-COOH and
MWCNT-PVP, respectively, and the corresponding values in NaCl were 125 mM and
100 mM. The difference between MgCl2 and NaCl was also quite apparent. With the
exception of MWCNT-COOH in MgCl2, previously reported ccc values are significantly
lower than the present data which deals with highly water dispersible MWCNT (Saleh et
al., 2008).

2.2.4

Long Term Stability of the F-CNTs

The time dependent stability of the nanoparticles dispersions are presented in Figure 2.8.
It was observed that both MWCNT-COOH and MWCNT-PVP dispersions in deionized
water were stable over the 24 hr measurement period. Aggregation and subsequent
deposition of the nanoparticles was observed in the electrolytic environment. The higher
the hydrophobic indexes of the F-CNTs, the less stable they became in aqueous solutions.
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Therefore, the decreased long-term stability of the F-CNTs was in agreement with their
hydrophobicity indexes (Table 2.1) in deionized water and electrolyte solution. Stability
of MWCNT-COOH was better in the presence of the monovalent Na ions than the
divalent Mg ions. This was consistent with the Schulze-Hardy Rule (Elimelech et al.,
1995) where ccc is said to be dependent on counterion valence.
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Figure 2.8 Colloidal stability as a function of time measured by UV absorbance
at 252 nm wavelength.

MWCNT-PVP showed lower stability in the presence of electrolyte than
MWCNT-COOH over the 24-hr period. This was attributed to the long term behavior of
the PVP wrapped carbon nanotubes in the electrolytes. Wrapping of carbon nanotubes by
water soluble polymers is driven largely by a thermodynamic drive to eliminate the
hydrophobic interface between the tubes and their aqueous environment. Therefore,
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changing the solvent system to remove the strong hydrophobic thermodynamic penalty
would induce the polymer-CNT complexes to dissociate (O’Connell et al, 001). It is
therefore, possible that the PVP wrapping on the carbon nanotubes was partially removed
after prolonged exposure to the electrolyte solution causing them to lose their
hydrophilicity and subsequently they deposited out of the solution.

2.3 Conclusions
The colloidal behavior of carboxylated and polymer wrapped CNTs were markedly
different in terms of hydrophobicity, particle size distribution and zeta potential.
Aggregation of the polymer modified CNT was lower compared to the carboxylated
CNTs, with orders of magnitude higher ccc. Since dispersion in the presence of NaOAc
and NaCl followed similar patterns, it was concluded that the anions did not have any
significant effect on stability. Both F-CNTs were highly stable in pure water, while
MWCNT-PVP showed lower long term stability in the presence of electrolytes. The
results suggest that these highly dispersible F-CNTs can be relatively stable in typical
aquatic environments, and their behavior will depend upon the presence of other species.
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CHAPTER 3
SIZE DEPENDENT AQUEOUS DISPERSIBILITY OF CARBOXYLATED
MULTIWALL CARBON NANOTUBES

Several cytotoxicological studies have investigated the effect of size on the toxicity of
nanoparticles and compared them to micrometer particles of the same composition. Metal
oxides such as CuO and TiO2 (Karlsson et al., 2009), gold (Pan et al., 2007),
monodispersed amorphous spherical silica ((Napierska et al., 2009) as well as SiO2
nanoparticles (Yuan et al., 2010) have shown size dependent cytotoxicity. In all these
studies, the particles were observed to be more toxic in the smaller size ranges than the
larger ones; only TiO2 showed the opposite effect. At present there is no comprehensive
data on the size dependent behavior of CNTs. It is important to realize that CNTs
represent a diverse group of nanotubes that vary in size, shape and chirality. For example,
in recent years there has been interest in shorter CNTs for high field quasiballistic
electron transport (Javey et al., 2004), hydrogen storage (Liu et al., 2003), and energy
storage systems such as in lithium batteries (Wang et al., 2007a). Since size alters many
of the properties of CNTs, it may also affect its fate and transport and is an important
parameter when CNTs are in consideration as pollutants. This Chapter presents the
influence of tube dimensions on the aggregation behavior of carboxylated multiwall
carbon nanotubes (c-MWCNTs) in electrolytic environments.
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3.1 MWCNT Oxidation
The c-MWCNTs were functionalized in a Microwave Accelerated Reaction System
(Mode: CEM Mars) fitted with internal temperature and pressure controls according to
experimental procedures detailed in Section 2.1 of Chapter 2 (Chen et al., 2007b, Chen
and Mitra, 2008). Carboxylic groups were formed on the surface of the CNTs through a
microwave assisted reaction with a mixture of concentrated nitric and sulfuric acid,
leading to high aqueous dispersibility.
The materials were characterized by scanning electron microscope (SEM),
thermogravimetric analysis (TGA), and Fourier Transform Infrared spectroscopy (FTIR).
SEM Data was collected on a LEO 1530 VP Scanning Electron Microscope equipped
with an energy-dispersive X-ray analyzer. TGA was performed using a Pyris 1 TGA from
Perkin-Elmer Inc from 30 °C to 900 °C under a flow of air at 10 mL min-1, at a heating
rate of 10 °C per min. FTIR measurements were carried out in purified KBr pellets using
a Perkin-Elmer (Spectrum One) instrument.

3.1.1

Hydrophobicity and Stability Measurements

50 mg L-1 stock solutions of the c-MWCNTs and 400 mM stock solutions of salts were
prepared according to procedures detailed in Section 2.1.1 in Chapter 2. Dilution was
carried out as needed.
Hydrophobicity of the c-MWCNTs was determined in deionized water and in the
presence of 100 mM salt solutions by measuring the UV absorbance at 500 nm before
and after extraction with 1-octanol. The stability of 25mg L-1 dispersions of the cMWCNTs over a 24-hr period was determined in the presence of 25 mM solutions of
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sodium chloride and magnesium chloride using UV absorbance at 252 nm. Their
dispersion stability indices were determined based on their UV-visible absorbance at 0 hr
(Wang et al., 2010, Addo Ntim et al., 2011).
The hydrodynamic diameter of 1mg L-1 dispersions of the c-MWCNTs were
measured in the presence of 100 mM salt concentration at 25 oC using dynamic light
scattering (Beckman Coulter N4 Plus submicron particle size analyzer, operated at 90o
detector angle). The zeta potential of the c-MWCNT dispersions was measured at a
concentration of 5 mg L-1 at 25 oC using a Malvern Instrument (Zetasizer nano ZS90).
Measurements were made in deionized water and in the presence of 100 mM electrolyte
solution. Aggregation data was collected using 1mg L-1 dispersions of the c-MWCNTs in
the presence of electrolyte solutions whose concentrations ranged between 10 mM and
200 mM. The measurements were performed for a time period ranging from 180 s to 3
hrs.

3.2 Results and Discussion
3.2.1

Characterization

The physical characteristics of the c-MWCNTs such as outer diameter, length and aspect
ratio are presented in Table 1. The c-MWCNTs studied had two length classes; short
tubes with length of 0.5-2µm and long tubes with lengths of 10-30µm. Within those two
length classes were five identical diameter classes (<8nm, 10-20nm, 20-30nm, 30-50nm
and >50nm).
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Table 3.1 Physical Characterization of the c-MWCNTs
CNT ID

OD (nm)

Length (µm)

MWCNT20
MWCNT31
MWCNT50
MWCNT83
MWCNT250
MWCNT300
MWCNT375
MWCNT800
MWCNT1333
MWCNT2608
MWCNT4000

>50
30-50
20-30
10-20
<8
>50
30-50
20-30
10-20
8-15
<8

0.5-2
0.5-2
0.5-2
0.5-2
0.5-2
10-20
10-20
10-30
10-30
10-50
10-30

Aspect
Ratio
20
31
50
83
250
300
375
800
1333
2608
4000

HI Index in DI
Water (%)
-22
3
-6
-3
-23
-6
-1
-4
-8
-7
-6

SEM images of the c-MWCNTs are presented in Figure 3.1. These show that the
CNTs remained intact with minimal visible tube damage. The shorter lengths of CNTs
are apparent from the SEM images of MWCNT20, MWCNT31, MWCNT50, MWCNT83
and MWCNT250, as are the relatively smaller diameters of MWCNT250, MWCNT2608 and
MWCNT4000.
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MWCNT20

MWCNT1333

MWCNT31

MWCNT50

MWCNT83

MWCNT250

MWCNT300

MWCNT2608

MWCNT375

MWCNT4000

MWCNT800

Figure 3.1 Scanning Electron microscope images of the c-MWCNTs.

The TGA profile of the c-MWCNTs is presented in Figure 3.2A. It shows weight
loss in the 150 oC to 400 oC region (Figure 3.2A) which was absent from the purified
MWCNT profile [Figure 3.2A(a)]. This weight loss was attributed to the decomposition
of carboxylic groups introduced through acid functionalization. The CNTs were oxidized
under the same controlled reaction conditions and based on the TGA profile, the mean
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weight % of carboxylic groups on the CNT surface was 20.24 % with a standard
deviation of 3.72 %.
The FTIR spectrum shown in Figure 3.2B confirmed the presence of functional
groups in the c-MWCNTs. The carboxylic stretching frequency occurred around 1710
cm-1 for all the c-MWCNTs studied, indicating that they had all been oxidized. The
stretching (C-O) vibration of the carboxylic group occurred around 1215 cm-1. The peak
around 1576 cm-1 was assigned to the C=C stretching of the carbon skeleton.
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Figure 3.2 A. TGA data for (a) Purified MWCNT, (b) MWCNT31, (c) MWCNT50, (d)
MWCNT83, (e) MWCNT250, (f) MWCNT300, (g) MWCNT800, (h) MWCNT1333, (i)
MWCNT4000. B. FTIR spectra of the c-MWCNTs.

3.2.2

Hydrophobicity

1-octanol/water partitioning was used to establish a hydrophobicity index (HI) for the cMWCNTs. This index was calculated based on UV-Visible absorption of the c-CNT
dispersions (at 500 nm) in the original water and after 1-octanol extraction. The HI was
computed according to equation 2.1. After the addition of salt some of the CNTs were
extracted into the organic layer as shown in Figure 3.3(a, b, and c). This was attributed
the neutralization of the negative surface charges on the c-MWCNTs by the metal ions
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from the salt reducing the electrostatic repulsive forces that cause the tubes to disperse in
aqueous solution and therefore, causing the c-MWCNTs to settle out of solution as shown
in Figure 3.3 (d, e, and f). It is apparent from Figure 3.3f that the divalent Mg salt caused
more aggregation in the c-MWCNTs than the monovalent sodium salts [Figure 3.3 (d, e].
Although the zeta potential values of the aqueous dispersions of the c-MWCNTs were
similar, they had quite diverse HI suggesting a possible dependence on diameter and
length (Figure 3.4).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3 1-octanol extraction of the c-MWCNT in (a) DI Water, (b) 25 mM NaCl, and
(c) 25 mM MgCl2, and particle aggregation in the presence of (d) DI Water, (e) 25 mM
NaCl, and (f) 25 mM MgCl2.
Figure 3.4 shows the HI values of the c-MWCNTs in NaCl, and MgCl2 as a
function of tube diameter and length. In all the c-MWCNTs studied, the hydrophobicity
index in deionized water was observed to be very low (Table 3.1), increasing with the
addition of salt. HI values for the c-MWCNTs in the presence of the divalent Mg salt
were higher than in the monovalent Na as shown in Figure 3.4b. This was consistent with
the Schulze-Hardy Rule (Elimelech et al., 1995), where the critical coagulation
concentration (ccc) depends upon the counterion valence z (ranges from -2 to -6).
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The HI values showed no direct correlation with aspect ratio as presented in
Figure 3.4(a). However, it showed improved correlation with length, based on which the
CNTs were categorized into two length groups (short and long). Since all the cMWCNTs were functionalized under the same conditions, and showed similar TGA
results, it is assumed that they represented similar degree of carboxylation (20.24% ±
3.72%). Therefore, the difference in HI index was attributed to the differences in size.
The HI values were generally higher for the longer CNTs than their shorter counterparts
as presented in Figure 3.4 (b, c). The relatively higher HI values observed in the longer cMWCNTs was attributed to the fact that they are more prone to increased intertube
attraction due to van der Waals forces and π-π interactions and are thereby more likely to
form agglomerates in comparison to the shorter c-MWCNTs (Heister et al., 2010).
Dependence on CNT diameter was observed among the longer nanotubes. The higher
diameter tubes probably led to the formation of denser particle aggregates because it is
known that MWCNTs with larger diameter tend to comprise of more concentric tubes
(Chiodarelli et al., 2012). These bigger diameter CNTs therefore, have a higher tendency
to settle out of the colloidal system (Crowder et al., 2002), resulting in higher HI values.
For the shorter c-MWCNTs the HI values were generally stable with increasing diameter.
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Figure 3.4 Hydrophobicity index of the c-MWCNT as a function of (a) aspect ratio; and
as a function of diameter in the presence of 100 mM (b) NaCl and (c) MgCl2.

3.2.3

Aggregation of the c-MWCNTs

The particle size distribution of the c-MWCNTs in the presence of salt as a function of
diameter and length are presented in Figure 3.5. The water dispersibility of c-MWCNTs
originates from the negatively charged oxygen-containing groups on the CNT surface. In
aqueous phase, the electrostatic repulsive forces between negative surface charges of the
oxygen-containing groups may lead to stability of the c-MWCNTs in water. In the
presence of electrolyte solutions, positively charged metal ions neutralized the surface
charges and compressed the double layer of the dispersed nanotubes, which led to
agglomeration. The longer CNTs were observed to form significantly larger aggregates
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than the shorter CNTs in the presence of salts (Figure 3.5) in agreement with the
observed hydrophobicity index values [Figure 3.4 (b, c)]. This was attributed to relatively
lower aspect ratios of the shorter c-MWCNTs, giving them a “stout” nature which is less
prone to aggregation compared to the longer tubes with higher aspect ratio, which were
more prone to intertube interactions which led to the formation of larger particle sizes.
This observation was in agreement with recent data reported by Kim and co-workers on
the effect of aspect ratio of CNTs on their toxicity (Kim et al., 2011a). Particle size was
also observed to be dependent on tube diameter for the longer c-MWCNTs where an
increase in diameter resulted in larger particles; this was attributed to the formation of
larger aggregates as a result of higher number of concentric rings. Generally, the divalent
Mg salt caused higher aggregation in the c-MWCNTs resulting in larger particle sizes
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than the monovalent Na salts consistent with HI data [Fig 3.4 (b, c)].
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Figure 3.5 Particle size distribution in 100 mM electrolyte solution as a function of tube
diameter for the c-MWCNTs in the presence of (a) NaCl and (b) MgCl2.
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Figure 3.6 shows the zeta potential of the c-MWCNTs in electrolytic media as a
function of their diameter. The observed zeta potential values agreed very well with the
observed particle aggregation shown in Figure 3.5. It was observed that the shorter tubes
had slightly higher absolute zeta potential values than the longer tubes confirming that
the longer CNTs were more prone to aggregation than their shorter counterparts. A
similar dependence on CNT diameter was observed among the long tubes, where the
absolute value of zeta potential decreased with increasing diameter, due to the formation
of denser particle aggregates with increasing CNT diameter (Chiodarelli et al., 2012) The
divalent Mg salt caused a significant decrease in the zeta potential values for all the cMWCNTs which was in agreement with the larger particle sizes observed in the Mg
environment as shown in Figure 3.5b.
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Figure 3.6 Zeta potential as a function of diameter for the c-MWCNTs in the presence of
(a) NaCl and (b) MgCl2.
The initial aggregation kinetics of the c-MWCNTs was investigated using time
resolved dynamic light scattering. The initial rate of change in particle size (rh) is
proportional to kno where k is the initial aggregation rate constant and no is the initial
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concentration of the c-MWCNTs (Schudel et al., 1997). The reciprocal of stability ratio
1/W or the attachment efficiency α for suspensions with the same particle concentration
were computed as according to equation 2.2. The attachment efficiency, which is a
measure of the ratio of the initial slope of the aggregation profile in a given electrolyte
system to the slope obtained under fast aggregation conditions. Particle aggregation in
electrolytic solution is presented as a function of time in Figure 3.7. It is evident that the
slope of the diameter/time profiles increased with increasing electrolyte concentration.
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Figure 3.7 Particle size as a function of time in the presence of (a) NaCl and (b) MgCl2.
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Figure 3.8 Attachment efficiency as a function of c-MWCNT diameter in the presence of
(a) NaCl and (b) MgCl2.
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While a high concentration of sodium chloride was required for significant
aggregation to be observed, magnesium chloride caused aggregation at concentration
levels as low as 0.5 mM. The critical coagulation concentrations (ccc) of NaCl and
MgCl2 for aggregation of the c-MWCNTs were determined from the plot of attachment
efficiencies against salt concentration (not shown) and are plotted against the diameters
of the c-MWCNTs in Figure 3.8. Previously reported ccc values are significantly lower
than the present data which deals with highly water dispersible MWCNTs (Elimelech et
al., 1995). The shorter c-MWCNTs had relatively higher ccc values under both sodium
and magnesium conditions than the longer ones implying that the shorter c-MWCNTs
were better stabilized under the electrolytic conditions studied. The relatively lower ccc
values observed in the longer c-MWCNTs was attributed to the fact that they are more
prone to increased intertube attraction due to van der Waals forces and π-π interactions
and are thereby more likely to form agglomerates and bundles in comparison to the
shorter c-MWCNTs. While the ccc values were generally stable with increasing CNT
diameter for the shorter tubes, they were observed to decrease with increasing diameter
for the longer ones. This observation was in agreement with the observed HI values,
particle size aggregation behavior and zeta potential values shown in Figures 3.4, 3.5 and
3.6, respectively. This was attributed to the phenomenon where the density of aggregates
increased with increasing particle diameter (Chiodarelli et al., 2012) among the longer
CNTs resulting in faster settling rates and therefore, lower ccc values. Significantly
lower ccc values were observed in the presence of the divalent Mg ion [Figure 3.7 (c and
d] which was also consistent with the HI, particle size and zeta potential in the presence
of Mg, consistent with the Schulze-Hardy rule (Elimelech et al., 1995).
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3.2.4

Long Term Stability of the c-MWCNTs

The time dependent stability of the nanotubes dispersions are presented in Figure 3.9. It
was observed that c-MWCNTs dispersions in deionized water were stable over the 24
hour measurement period irrespective of diameter or length. In the presence of the
sodium electrolytes however, the shorter tubes were generally stable with increasing tube
diameter unlike the longer CNTs where stability was observed to decrease with
increasing diameter, in perfect agreement with the observed HI values, particle size
aggregation behavior and zeta potential values. This highlights the greater tendency for
the longer tubes to aggregate due to van der Waals intertube attraction and π-π
interactions and confirms the formation of larger denser particle aggregates with
increasing CNT diameter as a result of the higher number of concentric rings associated
with larger diameter MWCNTs (Chiodarelli et al., 2012), settling out of the colloidal
system faster (Crowder et al., 2002). In the presence of the Mg salt the all the cMWCNTs become destabilized within 24 hrs, this was also in agreement with the
relatively higher HI values observed in the Mg environment.
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Figure 3.9 Colloidal stability as a function of c-MWCNT diameter for (a) short cMWCNTs and (b) long c-MWCNTs.
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3.3 Conclusions
The colloidal behavior of c-MWCNTs of different sizes was found to be different in
terms of hydrophobicity, particle size distribution, zeta potential and aggregation kinetics.
The hydrophobicity indices of the c-MWCNTs showed a dependence on the length of the
c-MWCNTs, where the shorter tubes showed relatively lower HI values. Zeta potential
values of the c-MWCNTs showed a similar dependence on tube length where the shorter
c-MWCNTs showed more negative values. This was consistent with the particle size
aggregation behavior and the initial aggregation kinetics, where the longer c-MWCNTs
showed significantly larger aggregates than the shorter ones, with corresponding lower
ccc values. It was observed the shorter the c-MWCNTs were less prone to aggregation.
The effect of CNT diameter was not very pronounced among the shorter c-MWCNTs as
all the parameters investigated did not vary significantly with diameter. The colloidal
behavior of the longer c-MWCNTs however, showed a dependence on diameter where
stability appeared to decrease with increasing CNT diameter. The higher diameter tubes
led to the formation of denser particle aggregates due to the presence of more concentric
tubes, with greater tendency to settle out of the colloidal system. There was no apparent
correlation between the parameters investigated and the aspect ratio of the MWCNTs. All
the c-MWCNTs were quite stable in pure water for the twenty-four hr period studied
here.
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CHAPTER 4
REMOVAL OF TRACE ARSENIC TO MEET DRINKING WATER
STANDARDS USING IRON OXIDE COATED MULTIWALL CARBON
NANOTUBES

Arsenic in natural waters is a problem that affects many parts of the world including
North America and Asia (Chatterjee et al., 1995, Mondal et al., 2006). Arsenic is listed
as a carcinogenic contaminant which is responsible for other health effects such as
spontaneous abortion (Richardson, 2006) and diabetes (Navas-Acien et al., 2008). As a
result of this, more stringent standards are being established by the US-EPA. Typically,
arsenite [As(III)], which is neutral, uncharged and a soluble molecule, is considered more
toxic than arsenate or As(V) (Knowles and Benson, 1983, Pattanayak et al., 2000).
Existing technologies for arsenic removal include oxidation/precipitation,
coagulation/coprecipitation, nanofiltration, reverse osmosis, electrodialysis, adsorption,
ion exchange, foam flotation, solvent extraction and bioremediation (Mohan and Pittman
Jr, 2007). Most of these techniques are well established, and have their merits and
inherent limitations such as the generation of toxic waste, low arsenic removal
efficiencies and/or high cost (Mohan and Pittman Jr, 2007).
Adsorption has proven to be an efficient method for arsenic removal and a wide
range of materials including lanthanum/iron compounds, mineral oxides, and biological
materials (Elizalde-González et al., 2001) have been studied. The use of polymeric resins,
activated carbon, activated alumina, iron coated sand (Thirunavukkarasu et al., 2003),
hydrous ferric oxide (Wilkie and Hering, 1996), and natural ores have generated much
interest and novel metal modified adsorbents have demonstrated superior performance
(Chen et al., 2007a, Schmidt et al., 2008). At present there is a need for the development
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of higher capacity sorbents for arsenic removal that will be effective at trace As levels so
that they may be used for drinking water purification.
Carbon nanotubes (CNTs) are made from graphene sheets seamlessly rolled into
cylindrical tubes, and are found as single-walled (SWCNT) and multiwall carbon
nanotubes (MWCNT), with the latter being relatively inexpensive (Iijima, 1991, Iijima,
2002). Their unique characteristics such as high aspect ratio, superior mechanical,
electrical and thermal properties make them well suited for many applications. CNTs
also exhibit exceptional sorption properties towards various organic compounds and
inorganic ions (Trojanowicz, 2006). The potential for sidewall functionalization and
surface modification make them attractive as support phases for water treatment (Wang et
al., 2005a, Wang et al., 2005b, Wang et al., 2006). Carbon nanotubes functionalized with
tetragonal zirconyl oxide particles has recently been reported, which have proven
effective in water defluoridation (Ramamurthy et al., 2011). A recent study has reported
the implementation of a fabric supported magnetite multiwalled carbon nanotube
composite based supercapacitor for removal of sodium chloride and arsenic at high mg L1

levels from sea water (Mishra and Ramaprabhu, 2010). From the standpoint of practical

applications, the CNTs can be implemented in water treatment as a replacement for
activated carbon with the added advantage that they can be self-assembled on supports
via chemical vapor deposition (Karwa et al., 2006), and can also be immobilized in
membranes (Hylton et al., 2008, Roy et al., 2011) and filters (Mishra and Ramaprabhu,
2010). However, cost and other factors need to be taken into consideration before such a
process could be commercialized.
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The goal here was to synthesize iron oxide-MWCNT hybrid (Fe-MWCNT) using
highly functionalized nanotubes and study the removal of μg L-1 levels of arsenic from
water to meet the US EPA drinking water standard of 10 μg L-1.

4.1 Synthesis and Characterization of Fe–MWCNT
The MWCNT was functionalized in a Microwave Accelerated Reaction System (Mode:
CEM Mars) fitted with internal temperature and pressure controls according to an
experimental procedure previously published by our laboratory (Chen et al., 2007b, Chen
and Mitra, 2008). Weighed amounts of purified MWCNT were treated with a mixture of
concentrated H2SO4 and HNO3 solution by subjecting them to microwave radiation at
120 °C for (20 to 40) min. This led to the formation of carboxylic groups on the surface
along with some sulphonation and nitration. The resulting solid was filtered through a 10
μm membrane filter, washed with water to a neutral pH and dried under vacuum at 80 °C
to a constant weight. This product (f-MWCNT) was used in the subsequent synthesis of
the Fe-MWCNT composite.
The iron oxide coated hybrid (Fe-MWCNT) was synthesized using a method
reported previously (Zhang et al., 2007). This was accomplished by dispersing a weighed
amount of the f-MCWNT in a 2:1 aqueous solution of FeCl3: FeSO4 under
ultrasonication at room temperature. The dispersion was gently stirred at 70 °C for 5
minutes, after which 5 M NaOH solution was added and stirred vigorously at 85 °C for 1
hour. The pH of the reaction was kept between 5 and 11 with the final pH being 10. The
composite thus formed was filtered through a 10 μm membrane filter paper, washed and

60
acidified to pH 5 with 1 M hydrochloric acid and dried under vacuum at 105 °C for 24
hours.
The Fe-MWCNT was characterized using a scanning electron microscope (SEM)
fitted with an energy dispersive x-ray spectrometer (EDS), thermogravimetric analysis
(TGA), Fourier Transform Infrared spectroscopy (FTIR) and BET surface area. SEM
data was collected on a LEO 1530 VP scanning electron microscope equipped with an
energy-dispersive X-ray analyzer. Energy dispersive spectroscopic (EDS) data was
collected on the EDAX silicon drift detector (SDD) (Apollo XV) mounted on a Hitachi
S-3000N electron microscope with specific light element performance. TGA was
performed using a Pyris 1 TGA from Perkin-Elmer Inc from 30 °C to 900 °C under a
flow of air at 10 mL/min, at a heating rate of 10 °C per min. FTIR measurements were
carried out in purified KBr pellets using a Perkin-Elmer (Spectrum One) instrument.
Specific surface area, micropore volume, and average pore radius were measured using a
Quantachrome NOVA 3000 series (Model N32-11) High Speed Gas Sorption Analyzer at
77.40 K. Before each experiment, the samples were heated at 180 °C and degassed at this
temperature until constant vacuum for four hours. The pH of point of zero charge
(pHpzc) was determined based on a previously published procedure (Chen et al., 2007a).

4.2

Kinetics and Adsorption Isotherms

10 mg L-1 stock solutions of As(III) and As(V) were prepared by dissolving weighed
amounts of NaAsO2 and Na2HAsO4, respectively in measured volumes of deionized
water. The stock solutions were preserved with 1% trace metal grade HNO3. 1 mg L-1
working solutions were then prepared from the stock for analysis. pH values were
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maintained constant during the analysis using 100 mM acetate buffer (pH 4 and 5) and
0.1 M Tris buffer (pH 6 – 8). 10 mL of 100 μg L-1 arsenic solution [As(III) and As(V)]
was contacted with 0.01 g of the adsorbent in a series of conical flasks and samples were
collected at (5, 10, 15, 30, and 45) min and (1, 3, 6, 12, 15 and 24) hrs for kinetic studies.
The mass of the adsorbent was varied from (0.01 to 0.1) g in the isothermal adsorption
studies keeping all other parameters constant (equilibrium contact time 1 hr and 12 hrs
for As(V) and As(III), respectively and pH 4). The arsenic solutions and the adsorbents
were mixed thoroughly at a speed of 175 rpm on a platform shaker (Lab systems
Wellmix). The mixture was filtered through a 0. 5 μm membrane syringe filter.
Residual arsenic was measured using Agilent 7500 ICP-MS. All standards were
prepared from multi-element solution 2A, Ten mg L-1 (Spex Certiprep) with addition of
an internal standard mix (Li6, Ge, Y, In, Tb, Bi). A Buffer solution was used for all
dilutions. Multi-element instrument calibration standard (No. 1, 20 mg/L (Spex
Certiprep)) was used for the verification of the calibration.

4.3 Results and Discussion
4.3.1

Sorbent Characterization

The different oxide forms expected in the Fe-MWCNT composite are: magnetite (Fe3O4),
maghemite (γ-Fe2O3), hematite (α-Fe2O3) and goethite (α-FeO(OH)) (Zhang et al., 2007).
Acid functionalization of the carbon nanotubes produced carboxylic groups on the
surface and this enhanced iron oxide loading. The Brunauer, Emmett, and Teller (BET)
surface area of MWCNT and Fe-MWCNT were 110 m2 g-1 and 153 m2 g-1, respectively,
which shows that the surface area of the carbon nanotubes was increased by
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approximately 40 % with the iron oxide coating. The pH at zero point charge (pHZPC) for
MWCNT, f-MWCNT and Fe-MWCNT was 6.8, 3.91 and 7.35, respectively. This is the
point where the surface charge of the carbon nanotube is independent of the electrolyte
concentration. Therefore, the carboxylic groups on the f-MWCNT had been replaced in
the Fe-MWCNT.
SEM images of f-MWCNT and the Fe-MWCNT hybrid are shown in Figure 4.1.
The original MWCNTs had a diameter in the range of (20 to 40) nm and the length was
about (10 to 30) µm. There was no detectable change in tube morphology after acid
treatment or iron oxide coating, implying minimal damage to the tube structure. It is quite
evident from Figure 4.1b that in the case of Fe-MWCNT, the surface was heavily coated
with iron oxide.

(a)

(b)

Figure 4.1 SEM Image of (a) acid functionalized MWCNT, (b) the Fe-MWCNT
Composite.
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Figure 4.2 EDS (a) map(red – carbon, green – oxygen, and yellow – iron, (b) spectra
[carbon (C), oxygen (O), and iron (Fe)].

The EDS data shown in Figure 4.2 also confirmed the presence of relatively large
amounts of iron oxide on the surface of the carbon nanotubes. TGA was used to quantify
the iron oxide loading in the MWCNT as shown in Figure 4.3. The resulting weight
above 600 °C was attributed to the weight of residual metal or metal oxide. The FeMWCNT hybrid was found to contain as much as 40 % (by weight) of iron implying an
approximate atomic ratio between Fe and carbon of 11:100. The catalytic activity of the
iron is evident from the TGA data, where it altered the thermal stability of the MWCNT.
The Fe-MWCNT hybrid degraded at a significantly lower temperature (by nearly 200 °C)
compared to the original carbon nanotubes, because the iron catalyzed its oxidation,
consistent with previous observation (Brukh and Mitra, 2007).
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Figure 4.3 TGA data for (a) MWCNT, (b) f-MWCNT, and (c) Fe-MWCNT.

The FTIR spectrum (Figure 4.4) confirmed the presence of functional groups in
MWCNT, f-MWCNT and the Fe-MWCNT hybrid. The carboxylic stretching frequency
in f-MCWNT occurred at 1715 cm-1 (C=O) and 1218 cm-1 (C – O). The stretching (O –
H) vibration occurred at 3424 cm-1 in the f-MWCNT spectrum (Figure 4.4b) which is
clearly absent from the MWCNT spectrum (Figure 4.4a). In the Fe-MWCNT spectrum,
the characteristic peaks at 1715 cm-1, 1218 cm-1 and 1400 cm−1 belonging to the C=O, C–
O and O–H vibrations of carboxylic acid disappear. This may be due to the binding of
iron oxide onto the oxidized MWCNTs surface. Based on the disappearance of the C–O
and O–H peaks, it is evident that the iron oxide particles are anchored to the MWCNTs
by an ester-like bond (Yan and Lian, 2005). In all the samples, the peak around 1576 cm-1
was assigned to the C=C stretching of the carbon skeleton. The appearance of two new
bands at (636 and 565) cm-1 in Figure 4.4c confirmed the formation of the Fe-O bonds.
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Figure 4.4 FTIR spectra of (a) MWCNT, (b) f-MWCNT, and (c) Fe-MWCNT.

4.3.2

Arsenic Removal and its Kinetics

The arsenic removal capacity of Fe-MWCNT was compared to those of the original
multiwall carbon nanotubes (MWCNT) and functionalized multiwall carbon nanotubes
(f-MWCNT). The adsorption capacity for arsenic shown by Fe-MWCNT for both As(III)
and As(V) (1723 µg g-1 and 189 µg g-1, respectively) was much higher than the values
obtained for MWCNT (10 µg g-1 and 23 µg g-1, respectively) and f-MWCNT (3 µg g-1
and 9 µg g-1, respectively). The adsorption capacity for As(III) and As(V) using FeMWCNT was also found to be higher than that for iron coated sand (Thirunavukkarasu et
al., 2003, Gupta et al., 2005), ferrihydrite, and hardened paste of Portland cement (Kundu
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et al., 2004). It was higher than the values reported for iron oxide-coated biomass
(Pokhrel and Viraraghavan, 2008) but less than those shown by activated carbon and
activated alumina, mostly due to the fact that the initial concentrations of arsenic in these
studies were as high as 100 mg L−1.
Oxyanionic arsenic species such as arsenate and arsenite adsorb at the iron
oxyhydroxide surface by forming complexes with the surface sites (Edwards, 1994). This
assertion is supported by the poor adsorption capacities obtained from analysis with
MWCNT and f-MCWNT. As(V) and As(III) showed different sorption behavior as can
be seen from the isothermal and kinetic data. This difference in their sorption
characteristics may be due to their ionic forms at a pH of 4. In the pH range studied,
As(V) existed in the anionic form H2AsO4−, whereas As(III) is partially ionized below pH
9.22, existed in the molecular form (H3AsO3). This may account for the better adsorption
of As(V) compared to As(III). Anionic arsenic species (H2AsO3−, H2AsO4−) are reported
to be adsorbed with the positively charged iron oxide-coated adsorbents through
electrostatic attraction. There are also reports of the surface potential of iron loaded
adsorbents becoming less negative with increasing iron loading (Huang and Vane, 1989).
It was therefore, postulate that arsenic removal with Fe-MWCNT may occur via multiple
mechanisms. Negatively charged arsenic species may adsorb onto positively charged
sites on the adsorbent surface resulting in their removal from water.
When the iron oxide was exposed to water, metal ions on the oxide surface
completed their coordination shells with OH groups (Kingston et al., 1972), which either
bound to or released H+ ions depending on the pH, and in the process developed a surface
charge. The adsorption properties of oxides are due to the existence of these OH2+, OH
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and O− functional groups (Sposito, 1984). Arsenic may be removed by ligand exchange
with OH and OH2+ functional groups on the surface forming an inner-sphere complex.
An incompletely dissociated acid H2AsO4− is required to provide a proton for
complexation with the OH group to form H2O and providing space for anion adsorption
(Kingston et al., 1972). Therefore, arsenic species may be removed through complexation
with oxyhydroxide sites on the adsorbent surface according to equations 4.1 and 4.2
(Pokhrel and Viraraghavan, 2008).

α -FeOOH + H2AsO4− +3H+→ FeH2AsO4 +2H2O

(4.1)

α -FeOOH + H3AsO3 +2H+→ FeH2AsO3 +2H2O

(4.2)

The kinetics of arsenic uptake was investigated by the Lagergren (Lagergren,
1898) and Ho and McKay (Ho and McKay, 1999) kinetic models. Lagergren models the
rate of adsorption of pollutants on an adsorbent after a pseudo-first order equation:
(4.3)

where qe and qt are the sorption capacity (μg g−1) of the adsorbent at equilibrium and at
time t (h), respectively and k1 is the pseudo-first order sorption rate constant (h−1). Ho and
McKay proposed a pseudo-second order equation of the form:

(4.4)

where k2 is the pseudo-second order sorption rate constant (g h μg−1) and t is time (h).
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Figure 4.5a shows the residual As(III) and As(V) concentrations versus time at
pH . After 10 minutes of contacting the adsorbent with 100 μg L-1 arsenic solution, 96 %
of As(V) was removed, whereas only 45 % of As(III) was removed. 99 % of As(V) and
80 % of As(III) were removed after 30 minutes of contact. Ho and McKay’s pseudosecond kinetic equation was a better fit for adsorption of both As(III) and As(V) than the
Lagergren’s pseudo-first order equation. The pseudo-second order kinetic parameters for
As(III) and As(V) removal are presented in Table 1. The R2 values for both As (III) and
As (V) were close to unity implying that their adsorption can best be described by the
pseudo-second order kinetic model with chemisorption being the rate limiting step. This
means that the adsorption rate is proportional to the amount of adsorbent and the square
of the number of free sites. The latter corresponds to the term (qe −qt)2 in the pseudo
second order model.

Table 4.1 Pseudo-second Order Kinetic Parameters for As(III) and As(V) Adsorption
qe (µg g-1)

k2 (g (min µg)-1)

h (µg (g min)-1)

R2

As(III)

97.09

7.8 *10-4

7.353

0.9999

As(V)

103.84

7.4 * 10-3

79.79

0.9992

The rate of As(V) removal was faster than that of As(III) as shown by the pseudosecond order kinetic parameters in Table 4.1. Faster adsorption of arsenate than arsenite
has also been attributed to the smaller radius of the arsenate ion [(4.0 to 4.2) Å] compared
with that of the arsenite ion (4.8 Å) (Kim et al., 2004).
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Figure 4.5 (a) Residual Arsenic concentration as a function of time, (b) effect of pH on
As(III) and As(V) adsorption.

The optimum pH for As(V) removal was determined to be 4, the equilibrium
adsorption qe (μg g-1) of As(V) was found to decrease slightly from pH 4 through 8 as
presented in Figure 4(b). On the contrary the equilibrium adsorption of As(III) was found
to increase slightly from pH 4 to pH 6 and remained constant from pH 6 to pH 8 (Figure
4.5b). As(III) is dominant in the form of neutral species (H3AsO3) below pH 9.22,
accounting for the relatively constant As(III) adsorption. A reduced removal of As(V) at
pH 8 may be because OH− ion becomes dominant at alkaline pH and this ion competes
with arsenic species [H2AsO4−]. The pH range studied here was within what is normally
encountered in water resources.

4.3.3

Adsorption Isotherms for As(III) and As(V) Removal

The capacity of arsenic removal by the adsorbent was evaluated with the Langmuir
(Langmuir, 1916) and Freundlich (Freundlich, 1906) isotherms. The linear form of the
Langmuir adsorption isotherm is presented in equation 4.5:
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(4.5)

where qm (μg/g) is the maximum sorption capacity for monolayer coverage of the
adsorbent, Ce (μg/L) is the equilibrium concentration of arsenic and the Langmuir
constant b (L/μg) is indirectly related to the enthalpy of adsorption. The linearized form
of the Freundlich isotherm involves a plot of log qe and log Ce with n and log kf being the
slope and y-intercept, respectively.

(4.6)

The Freundlich constants kf and 1/n measure the adsorption capacity and intensity,
respectively. The bond energy increases proportionally with surface density for n<1 and
vice a versa for n>1.
The Langmuir isotherm parameters presented in Table 4.2 indicate a high
maximum sorption capacity for monolayer adsorption (qm) for the adsorbent in the
removal of As(III). The adsorption of As(III) and As(V) fit both the Langmuir and
Freundlich equations; however, the coefficient of determination (R2) value for the
Freundlich model in both instances were higher than that of the Langmuir equation.
Hence the Freundlich isotherm model effectively explained the removal of As(III) and
As(V) by the adsorbent with coefficient of determination (R2) values of 0.9907 and
0.9997, respectively.
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Table 4.2. Adsorption Isotherm Parameters for the Removal of As(III) and As(V) by FeMWCNT
Langmuir
Freundlich
qm (μg g-1)

b (L μg-1)

R2

kf (L μg-1)

n

R2

As(III)

1723

0.013

0.9899

21.89

1.181

0.9907

As(V)

189

0.373

0.9900

50.83

1.946

0.9997
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Figure 4.6 (a) Kinetic and (b) equilibrium data at pH 4 for As(III) and As(V) adsorption
by Fe-MWCNT.

The Freundlich constants log kf and n were obtained from the y-intercept and
slope, respectively. The constants kf (mg g-1) and 1/n provide a measure of adsorption
capacity and intensity, respectively are presented in Table 4.2. The bond energy increases
proportionally with surface density for n<1 and vice a versa for n>1 (Freundlich, 1906).
The adsorption capacity for the adsorbent in As(V) removal was much higher than
As(III) as was the intensity. The Freundlich isotherm model effectively explained the
removal of As(V) by the adsorbent with a coefficient of determination of 0.9995. The
value of the constant 1/n (0 – 1) is also indicative of the heterogeneity of the adsorbent
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surface, with 1/n closer to 0 implying a heterogeneous surface. The kinetic and
equilibrium data at pH 4 for As(III) and As(V) adsorption are shown in Figure 4.6.

4.3.4

Effect of Temperature on Arsenic Removal

The effect of temperature on arsenic removal efficiency was investigated at pH 4, 1 g L-1
adsorbent dose, 180 rpm agitation, and 1 hr and 12 hrs equilibration time for As(V) and
As(III), respectively. The temperature was varied from 28°C to 40°C. It was found that
Arsenic removal efficiency was fairly constant over the temperature range. A plot of
arsenic removal versus temperature is presented in Figure 4.7. A study using Fe3+impregnated granular activated carbon (GAC) reported a decrease in arsenic As(III) and
As(V) removal efficiency with increasing temperature from (30 to 60) °C (Mondal et al.,
2007) but the decrease did not seem substantial.
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Figure 4.7 Arsenic removal efficiency as a function of temperature.
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4.4 Conclusions
The iron oxide-multi-walled carbon nanotube (Fe-MWCNT) hybrid was effective as a
sorbent material for arsenic removal from water. Controlled assembly of iron oxide was
possible and the MWCNT served as an effective support for the oxide. The kinetics of
As(III) and As(V) removal was explained by the pseudo-second order rate equation and
their adsorption by the Langmuir and Freundlich models. It is conceivable that MWCNT
with appropriate surface modification can provide a platform for developing potentially
useful environmental remediation tools.
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CHAPTER 5
ADSORPTION OF ARSENIC ON MULTIWALL CARBON NANOTUBE–
ZIRCONIA NANOHYBRID FOR POTENTIAL DRINKING WATER
PURIFICATION

Zirconium oxides/hydroxides have been extensively investigated as adsorbents for the
removal of cationic and anionic pollutants from water. They have been shown to be
effective in the removal of dyes, fluoride, uranium (IV), phosphate, mercury, and
selenium (Zheng et al., 2009).

While iron oxides represent some of the most common

sorbents for As removal (Mohan and Pittman Jr, 2007, Liu et al., 2012), the potential for
using zirconium based compounds is also being investigated. Preliminary investigations
using zirconium loaded materials such as activated charcoal, porous resin, chelating resin
with lysine-Na and orange waste, have shown promising results for As removal (Zheng et
al., 2009). In general, for use as an environmental adsorbent, zirconium needs to be
impregnated or loaded on a support because it has poor physical properties and moreover
this also lowers the overall cost of this expensive material. Therefore, the development of
effective support materials is of utmost importance.
Effective arsenic removal with iron oxide coated MWCNT has been previously
reported as discussed in Chapter 4 (Mishra and Ramaprabhu, 2010, Addo Ntim and
Mitra, 2011). Here the iron oxides were protonated forming OH2+ groups on the
adsorbent surface at low pH values, and the arsenic species were removed by covalent
ligand exchange. Zirconia coated multiwall carbon nanotubes synthesized in our
laboratory have shown excellent efficiency for fluoride removal from water with sorption
capacity significantly higher than other conventional sorbents (Ramamurthy et al., 2011).
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It is anticipated that Zirconium oxide supported on MWCNT may remove arsenic species
through a synergistic combination of chemisorption and physisorption.
The objective here was to study the adsorption capacity of a MWCNT–Zirconia
nanohybrid in the removal of arsenite and arsenate from water to meet drinking water
standards.

5.1 Synthesis and Characterization of MWCNT-ZrO2
The MWCNT was functionalized in a Microwave Accelerated Reaction System (Mode:
CEM Mars) fitted with internal temperature and pressure controls according to an
experimental procedures detailed in Section 4.1. This product (f-MWCNT) was used in
the subsequent synthesis of the MWCNT-ZrO2 composite.
The MWCNT-ZrO2 hybrid was synthesized by dispersing a weighed amount of
the f-MWCNT in 0.008M ZrOCl2 (Anand et al., 2011). The reaction was carried out in a
Microwave Accelerated Reaction System (Mode: CEM Mars) fitted with internal
temperature and pressure controls at 150 oC for 1 hr. The product was vacuum filtered
through a 10 μm membrane filter paper and thoroughly washed with DI water until all the
unreacted ZrOCl2·8H2O was removed. The resultant product was dried in a vacuum oven
at 80 oC for 12 hrs.

The MWCNT-ZrO2 was characterized using a scanning electron microscope
(SEM) fitted with an Energy Dispersive X-ray spectrometer (EDS), Thermogravimetric
analysis (TGA), X-ray diffraction (XRD), Fourier Transform Infrared spectroscopy
(FTIR) and BET surface area. SEM Data was collected on a LEO 1530 VP Scanning
Electron Microscopy equipped with an energy-dispersive X-ray analyzer, which was used
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in collecting EDS data. TGA was performed using a Pyris 1 TGA from Perkin-Elmer Inc
from 30 °C to 900 °C under a flow of air at 10 mL min-1, at a heating rate of 10 °C per
min. X-ray diffraction (XRD) was performed on a Philips X’Pert PW30 0-MPD
(Netherlands) diffractometer using Cu Kα radiation (λ = 1.5406 Å) at 25 °C. FTIR
measurements were carried out in purified KBr pellets using a Perkin-Elmer (Spectrum
One) instrument. Specific surface area, micropore volume, and average pore radius were
measured using Quantachrome NOVA 3000 series (Model N32-11) High Speed Gas
Sorption Analyzer at 77.40 K. Before each experiment, the samples were heated at 200°C
and degassed at this temperature until constant vacuum for four hours. pH of Point of
Zero Charge (pHpzc) was determined based on a previously published procedure (Chen
et al., 2007a).

5.2 Adsorption Studies

Stock and working solutions of As (III) and As (V) were prepared according to
procedures detailed in Section 4.2 of Chapter 4. 10 ml of 100μg l-1 arsenic solution [As
(III) and As (V)] was contacted with 0.01 g of the adsorbent in a series of conical flasks
at pHs ranging between 5 and 8, and samples were collected at 5, 10, 15, 30, and 45 min
1, 3, 6, 12, 15 and 24 h for kinetic studies. Equilibrium contact time and pH were
determined to be 6 h and pH 6, respectively. The mass of the adsorbent was varied from
0.01 to 0.1 g in the isothermal adsorption studies at pH 6 for 6 hours. The arsenic
solutions and the adsorbents were mixed thoroughly at a speed of 175 rpm on a platform
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shaker, (Labsystems Wellmix). The mixture was filtered through a 0. 5μm membrane
syringe filter.

Residual Arsenic was measured using Agilent 7500 ICP-MS. All standards were
prepared from multi-element solution 2A, 10 mg/L (Spex Certiprep) with addition of
internal standard mix (Li6, Ge, Y, In, Tb, Bi). Buffer solution was used for all dilutions.
Multi-element instrument calibration standard 1, 20 mg/L (Spex Certiprep) was used for
the verification of calibration.

5.2.1

Effects of Competing Anions

To determine the effects of co-existing anions on arsenic adsorption, three types of
oxyanions (CO32-, SO42- and NO3-) were evaluated individually. The experiments were
conducted at 25 °C and pH 6.0 with initial Arsenic concentration of 100 µg L-1.
Concentration of the oxyanions was controlled at three levels (0.1, 1 and 5 mM).

5.3 Results and Discussion
5.3.1

Characterization of Adsorbent

The BET surface area of MWCNT, f-MWCNT and the MWCNT-ZrO2 hybrid were 110
m2g-1, 162 m2g-1 and 152 m2g-1, respectively. BET surface area increased significantly
after acid treatment as the value for f-MWCNT was an approximate 40 % higher than
that of original MWCNT. This increase may be due to defects on the surface of fMWCNT as a result of the acid treatment. BET surface area of the MWCNT-ZrO2 hybrid
was however, not significantly different from f-MWCNT. Zirconia has a relatively small
surface area which slightly decreased the surface area of the hybrid. The acid
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functionalization of the carbon nanotubes produced carboxylic groups on the surface
enhancing zirconia loading. The pH at zero point charge (pHZPC) for MWCNT, fMWCNT and the MWCNT-ZrO2 hybrid were 6.8, 3.91 and 9.6, respectively. This is the
point where the surface charge of the carbon nanotube is independent of the electrolyte
concentration. Therefore, it is evident that the carboxylic groups on the f-MWCNT had
been replaced in the MWCNT-ZrO2 hybrid.
SEM images of f-MWCNT and the MWCNT-ZrO2 hybrid are shown in Figure
5.1(a, b). The original MWCNTs had diameters in the range of 20-40 nm and the length
was about 10-30 µm. There was no detectable change in tube morphology after acid
treatment or zirconia loading, implying minimal damage to the tube structure. It is quite
evident from Figure 5.1b that the CNT surface was coated with zirconia.
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(a)

(b)

(c)

Figure 5.1 SEM Images of (a) carboxylated MWCNT, (b) the MWCNT- ZrO2
Composite, (c) EDS spectra of the MWCNT-ZrO2 Composite.
The EDS data shown in Figure 5.1c confirmed the presence of zirconia on the
surface of the CNTs. TGA was used to quantify the zirconia loading in the MWCNT as
shown in Figure 5.2. The resulting weight above 600 °C was attributed to the weight of
residual metal or metal oxide. The MWCNT-ZrO2 hybrid was found to contain 4.85 %
zirconia.
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Figure 5.2 TGA data for (a) MWCNT, (b) f-MWCNT, and (c) MWCNT-ZrO2.
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Figure 5.3 FTIR data for (a) MWCNT, (b) f-MWCNT, and (c) MWCNT-ZrO2.
The FTIR spectrum (Figure 5.3) confirmed the presence of functional groups in
MWCNT, f-MWCNT, and MWCNT-ZrO2. The carboxylic stretching frequency in fMCWNT occurred at 1715 cm-1 (C=O) and 1221cm-1 (C–O). The stretching (O–H)
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vibration occurred at 3424 cm-1 in the f-MWCNT spectrum (Figure 5.3b) which was
clearly absent from the MWCNT spectrum (Figure 5.3a). In all the samples, the peak
around 1576 cm-1 was assigned to the C=C stretching of the carbon skeleton. From the
MWCNT-ZrO2 (Figure 5.3c) spectrum, it can be seen that the characteristic peaks of the
carboxyl groups of the MWCNTs shifted from 1715 to 1701 cm−1 and the relative
intensity decreased significantly. The peak at 3440cm−1 belonging to the O–H vibration
of carboxylic acid also disappeared. The disappearance of the peak of O–H vibration of
carboxylic acid was attributed to the fact that ZrO2 is anchored to the MWCNTs through
an esterification process forming C–O–Zr bonds, in line with previous observations (Yan
and Lian, 2005).
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Figure 5.4 X-ray powder diffraction patterns of (a) MWCNT (b) f-MWCNT, (c)
MWCNT- ZrO2 hybrid.
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Figure 5.4 shows the x-ray powder diffraction pattern of MWCNT, f-MWCNT
and the MWCNT-ZrO2 hybrid. The peak around 30.2° in 2θ in the XRD pattern of the
MWCNT-ZrO2 hybrid (Figure 5.4c) indicated the presence of zirconia (Yan and Lian,
2005) which was clearly absent from the diffraction patterns of MWCNT and fMWWNT [Figure 5.4(a and b)]. The intense peak around 26° in 2θ in all the XRD
patterns was due to the MWCNT.

5.3.2

Arsenic Removal by MWCNT-ZrO2

It was found that no arsenic was adsorbed on the MWCNT and the carboxylated
MWCNT; however, the MWCNT-ZrO2 hybrid was effective in removing arsenic from
water. It occurred through a synergistic combination of chemisorption and physisorption
processes on the Zr immobilized on the MWCNT backbone. Schmidt et al. (2008) have
reported the surface speciation for Zirconium and arsenate adsorption using the GRFIT
model, determining that they formed two surface complexes represented by equations 5.1
and 5.2, with reaction 5.1 being practically negligible (Schmidt et al., 2008).

ZrOH + H3AsO4 ↔ ZrOAsO2(OH)− + H+, logK = − .5,

(5.1)

ZrOH + H3AsO4 ↔ ZrOAsO32- + 2H+, logK = 1.4.

(5.2)

Ion exchange and non-covalent H-bonding interactions may also play a role in the
arsenic removal process (Ramamurthy et al., 2011). This was somewhat different from
the iron oxide coated MWCNTs where the former protonated forming OH2+ groups on
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the adsorbent surface at low pH values, and the arsenic species were removed by covalent
ligand exchange with OH and OH2+ functional groups (Addo Ntim and Mitra, 2011).
The kinetics of As uptake was investigated by the Lagergren (Lagergren, 1898)
and Ho and McKay (Ho and McKay, 2000) kinetic models. These kinetic models are
represented in Chapter 4 by equations 4.3 and 4.4, respectively. Figure 5(a) shows As(III)
and As(V) removal efficiencies as a function of time at the different pH values. After 10
mins of contact with the adsorbent over 50% of As (V) was removed as compared to 17%
of As (III). 99% of As(V) and 92% of As(III) were removed after 60 minutes of contact.
Relative to MWCNT-ZrO2 nearly twice the amount of both As(III) and As(V) were
removed in the presence of Fe-MWCNT (Addo Ntim and Mitra, 2011) after 10 mins of
contact, with (80-99)% removed after only 30mins of contact. The kinetics of As(III) and
As(V) adsorption using the MWCNT-ZrO2 was relatively slower compared to that
observed with iron oxide coated MWCNT (Addo Ntim and Mitra, 2011).
Ho and Mckay’s pseudo-second kinetic equation was a better fit than the
Lagergren’s pseudo-first order equation for adsorption of both oxidation states of arsenic
on MWCNT-ZrO2. The pseudo-second order kinetic parameters at the pH range studied
are presented in Table 5.1. The R2 values for both As (III) and As (V) were close to unity
implying that their adsorption can best be described by the pseudo-second order kinetic
model with chemisorption being the rate limiting step. This means that the adsorption rate
is proportional to the amount of adsorbent and the square of the number of free sites. The
latter corresponds to the term (qe −qt) 2 in the pseudo second order model.
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Table 5.1 Pseudo-second Order Kinetic Parameters for As(III) and As(V) Adsorption

As (III)

As (V)

pH

qe (µg g-1)

k2 (g (min µg)-1)

h (µg (g min)-1)

R2

qe (µg g-1)

k2 (g (min µg)-1)

h (µg (g min)-1)

R2

5

95.4

2.5E-04

2.3

0.9987

101.1

1.0E-03

10.5

0.9999

6

98.6

3.1E-04

3.0

0.9993

100.5

1.3E-03

13.6

1.0000

7

95.4

4.1E-04

3.7

0.9997

101.1

1.7E-03

16.9

1.0000

8

97.5

3.6E-04

3.4

0.9999

101.7

7.0E-04

7.2

0.9999

84

84
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The rate of As(V) removal was an order of magnitude faster than that of As(III) as
shown by the pseudo-second order kinetic parameters in Table 5.,1 as was the removal
efficiency (Figure 5.5). This was similar to what was observed for arsenic adsorption on
Fe-MWCNT. The higher removal rate of As(V) relative to As(III) may be due to the ratelimiting oxidation of As(III) to As(V) catalyzed by surficial carbon compounds preceding
the adsorption reaction (Schmidt et al., 2008).

110
(b)

80
60

(a)
As (III)
As (V)

40

pH 5
pH 6
pH 7
pH 8

20
0

200

400

600

% As Removed

Removal Efficiency (%)

100
100
90

70

800

As (iii)
As (V)

80

5

6

7

8

pH

Time (min)

Figure 5.5 (a) Arsenic removal efficiency as a function of time, (b) Effect of pH on
As(III) and As(V) adsorption.

The optimum pH for As(V) removal was determined to be 6. The equilibrium
adsorption qe (μg g-1) of both As(V) and As(III) was found to be fairly constant over the
pH range studied as presented in Figure 5.5(b). This was contrary to As(V) removal on
Fe-MWCNT, where qe was observed to decrease with increasing pH due to interference
from dominant OH- ions at basic pH. As(III) is dominant in the form of neutral species
(H3AsO3) below pH 9.22, accounting for the relatively constant As(III) adsorption in both
instances. This implies that unlike Fe-MWCNT, MWCNT-ZrO2 has the advantage of
effective arsenic removal over a wide range of pH.
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5.3.3

Adsorption Isotherms for As(III) and As(V) Removal

The capacity of arsenic removal by the adsorbent was evaluated with the Langmuir
(Langmuir, 1916), and Freundlich (Freundlich, 1906) isotherms, represented in Chapter
4 by equations 4.5 and 4.6, respectively. From the Langmuir isotherm parameters
presented in Table 5.2, the maximum sorption capacity for monolayer adsorption (qm) for
the adsorbent in the removal of As(V) was much higher than that of As(III). The
adsorption capacity, estimated by the Langmuir isotherm model was 2000µg g-1 and
5000µg g-1 for As(III) and As(V), respectively. These values were significantly higher
than the qm values obtained with Fe-MWCNT (Addo Ntim and Mitra, 2011). The
Langmuir constant, b, the ratio of the adsorption rate constant to the desorption rate
constant, is an indication of the affinity of the sorbent material toward arsenic (Patnukao
et al., 2008). The Langmuir b values for arsenic sorption by MWCNT-ZrO2, presented in
Table 5.2 were approximately an order of magnitude lower than those observed for FeMWCNT (Addo Ntim and Mitra, 2011) in the presence of both As(III) and As(V),
indicating a higher affinity of Fe-MWCNT for arsenic. This also implies that the rate of
desorption of adsorbed arsenic species during sorbent regeneration will be higher in the
case of MWCNT-ZrO2.
The adsorption of As(III) and As(V) fit both the Langmuir and Freundlich
equations with correlation coefficient R2 values close to unity, as was observed with FeMWCNT (Addo Ntim and Mitra, 2011). The applicability of the two isotherms to the
arsenic sorption shows that both monolayer sorption and heterogeneous energetic
distribution of active sites on the surface of the sorbent are possible.
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Table 5.2 Adsorption Isotherm Parameters for the Removal of As(III) and As(V) by
MWCNT- ZrO2
Langmuir

Freundlich

qm (μg g-1)

b (L μg-1)

R2

kf (L μg-1)

n

R2

As(III)

2000

0.0049

1.0000

9.9

1.0204

0.9999

As(V)

5000

0.038

0.8801

274.09

1.2048

0.9916
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Figure 5.6 (a) Kinetic, and (b) Equilibrium data at pH 6 for As(III) and As(V) adsorption
by MWCNT-ZrO2.
The Freundlich constants kf and n were obtained from the y-intercept and slope,
respectively. The constants kf (L μg-1) and 1/n providing a measure of adsorption capacity
and intensity, respectively are presented in Table 5.2. The bond energy increases
proportionally with surface density for n<1 and vice a versa for n>1 (Freundlich, 1906).
The adsorption capacity for the adsorbent in As(V) removal was much higher than
As(III) as was the intensity. The value of the constant 1/n (0 – 1) is indicative of the
heterogeneity of the adsorbent surface, with 1/n closer to 0 implying heterogeneous
surface. The values the freundlich isotherm parameter 1/n for arsenic adsorption on
MWCNT-ZrO2 were less than 1 for both As(III) and As(V) as was observed for the
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adsorption on Fe-MWCNT, indicating favorable adsorption on both sorbents (Patnukao
et al. 2008). However, the values were closer to zero in the case of Fe-MWCNT than
MWCNT-ZrO2, implying a more favorable process in the presence of the iron coated
MWCNTs. This was consistent with the values of Langmuir constant b observed. The
kinetic and kquilibrium data at pH 6 for As(III) and As(V) adsorption are shown in
Figure 5.6.

5.3.4

Effect of Competing Anions

Sulfates, carbonates and nitrates are ionic components often present in many surface and
subsurface aquatic systems, and have been reported to exert varied levels of influence on
the adsorption of both arsenate and arsenite depending on pH and concentration of
anions. In this study, the presence of these anions had negligible effects on the removal of
As(V) over the concentration range investigated (0.1 mM – 5 mM), as presented in
Figure 5.7. Contrary to the above observation, the removal efficiency of As(III)
decreased to various degrees in the presence of these anions. While the decrease in
As(III) removal efficiency was not statistically significant in the presence of carbonate
ions, sulfate and nitrate ions showed a statistically significant effect. This was contrary to
what has been observed in literature for iron-modified sorbents, where the presence of
sulfate and carbonate had negligible effects on the removal of both As(III) and As(V) at
various pHs and ionic strengths (Jain and Loeppert, 2000, Meng et al., 2000, Su and Puls,
2001). An increase in anion concentration from 1 mM to 5 mM did not result in a
corresponding larger decrease in removal efficiency, indicating the saturation of sites
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accessible to the anions. The results suggest that the binding affinity of these anions for
zirconia was weaker than As(V), but comparable to that of As(III).

Figure 5.7 Effects of oxyanions on Arsenic removal by MWCNT-ZrO2 after 24 h at pH 6
and 25 °C for initial Arsenic concentration of 100 µg/L. (* difference significant at 95%
confidence level).

5.4 Conclusions
The MWCNT-ZrO2 was effective as a sorbent material for arsenic removal from drinking
water. A major advantage of this material is that the sorption capacity was independent of
pH over the range studied. The kinetics of As (III) and As (V) removal was explained by
the pseudo-second order rate equation and their adsorption by Langmuir and Freundlich
models. Although the rate of Arsenic removal by MWCNT-ZrO2 was two to three times
slower than that for iron coated MWCNTs, the adsorption capacity was nearly two to five
times higher. While the removal efficiency of As(V) was not affected by the presence of
competing anions, As(III) removal was reduced by the presence of sulfate and nitrate
ions.
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CHAPTER 6
REGENERATION OF THE MWCNT-METAL OXIDE NANOHYBRIDS AFTER
ARSENIC REMOVAL

Adsorptive removal of arsenic has proven to be one of the most reliable and somewhat
less expensive methods and therefore, several sorbent materials have been tested for their
arsenic sorption capacity. One of the main issues raised with adsorption is the cyclability
of the sorbent material which will reduce the cost of removal and the generation of toxic
waste. It is therefore, imperative to develop specially designed, tailor-made adsorbents
for selective removal of arsenic from drinking water especially addressing the issue of
regeneration.
Once the sorbent becomes exhausted, the metals must be recovered and the
sorbent regenerated. Desorption and sorbent regeneration is a critical consideration and
contributor to process costs and metal(s) recovery in a concentrated form. A successful
desorption process must restore the sorbent close to its initial properties for effective
reuse. Desorption can be improved by gaining insight into the metal sorption mechanism.
Most of the arsenic sorption studies in the literature do not discuss desorption or
regeneration of the spent sorbent. The few studies in literature discussing arsenic
desorption to regenerate the exhausted sorbent have used eluents, such as sodium
hydroxide (NaOH)(Cumbal et al., 2003, Guo and Chen, 2005, Kundu and Gupta, 2006),
hydrogen peroxide (H2O2) and strong acids (HNO3) (Manju et al., 1998, Say et al., 2003),
with NaOH being the most commonly used. Selection of eluent depends on the arsenic
adsorption mechanism and nature of the adsorbent.
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The effective removal of both As(III) and As(V) using metal oxide coated carbon
nanotubes has recently been reported (Addo Ntim and Mitra, 2011, Addo Ntim and
Mitra, 2012). Iron oxide coated MWCNT was observed to remove arsenic species by
covalent ligand exchange where hydroxyl groups on the iron oxide (protonated to form
OH2+ groups on the adsorbent surface at low pH values) were exchanged for negatively
charged arsenic species (Addo Ntim and Mitra, 2011).

Zirconia coated MWCNT

nanohybrid (MWCNT-ZrO2) was observed to remove arsenic through a synergistic
combination of chemisorption and physisorption processes on the ZrO2 immobilized on
the MWCNT backbone, with Ion exchange and non-covalent H-bonding interactions
playing a minor role in the arsenic removal process (Addo Ntim and Mitra, 2012).
The objective of this Chapter was to determine the optimal conditions for sorbent
regeneration using NaOH by varying pH, concentration of base, volume of base, and
duration of contact. The arsenic sorption capacity of the regenerated sorbent was also
investigated.

6.1 Adsorption Studies
10 ml of 1 mg L-1 arsenic solution [As (III) and As (V)] was contacted with 0.04 g of the
adsorbent in a series of conical flasks at pH 6. The arsenic solutions and the adsorbents
were mixed thoroughly at a speed of 175 rpm on a platform shaker, (Labsystems
Wellmix). The mixture was filtered through a 0. 5μm membrane syringe filter after 24
hrs of contact. The sorbent material was isolated, washed with DI water to remove any
residual arsenic and dried for regeneration studies.
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Residual arsenic was measured using Agilent 7500 ICP-MS. All standards were
prepared from multi-element solution 2A, 10mg/L (Spex Certiprep) with addition of
internal standard mix (Li6, Ge, Y, In, Tb, Bi). Buffer solution was used for all dilutions.
Multi-element instrument calibration standard 1, 20 mg/L (Spex Certiprep) was used for
the verification of calibration.

6.2 Desorption Studies
The dried sorbent materials from the adsorption studies were investigated for their
regenerative ability. To investigate the effect of pH, aqueous solutions of HCl and NaOH
with pH ranging from 4 to 13 was used to desorb the adsorbed arsenic. Typically, 10 mL
of the solutions were contacted with 0.04 g of the adsorbent for a period of 24 hrs. The
mixture was then filtered using a 0. 5μm membrane syringe filter and the filtrate was
analyzed for the presence of As.
NaOH concentration was varied between (0.001 – 0.5) M to determine the effect
of concentration on arsenic desorption after 24 hrs of contact. Effect of contact time was
investigated by varying the time of contact between the sorbent and NaOH at pH 13 from
(5 – 1440) mins. The effect of 0.1 M NaHCO3 solution was compared with that of 0.1 M
NaOH solution for the arsenic desorption efficiency by contacting 10 mL of their
aqueous solutions at 0.1 M concentration with 0.04 g of the sorbent over a period of 24
hrs.
The arsenic sorption capacity of the regenerated nanohybrids was investigated by
contacting 10 ml of 0.1 mg L-1 arsenic solution [As (III) and As (V)] at pH 6 with 0.01 g
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of the regenerated sorbent. The mass of the adsorbent was varied from 0.001 to 0.1 g in
the isothermal adsorption studies at pH 6 for 6 hours.

6.3 Results and Discussion
6.3.1

Desorption Kinetics

The reduced sorption capacities of As(III) and As(V) on CNT-metal oxide nanohybrid at
alkaline pH is indicative of the fact that adsorbed arsenic species can be desorbed from
the loaded sorbent material. Therefore, desorption studies were performed using NaOH.
Experimental desorption data was fitted to both the Lagergren and Ho and Mckay
kinetics models presented in Chapter 4 as equations 4.3 and 4.4, respectively (Ho and
McKay, 2000, Lagergren, 1898). Figure 6.1 shows the As(III) and As(V) desorption
efficiencies as a function of time in NaOH at pH 13. Desorption efficiency was observed
to increase with increasing time of contact to an equilibrium after 6 hrs. The kinetics of
As desorption was similar for both MWCNT-ZrO2 and Fe-MWCNT, where As(V) was
desorbed to a higher efficiency than As(III). Ho and McKay’s pseudo-second kinetic
equation was a better fit for desorption of both As(III) and As(V) than the Lagergren’s
pseudo-first order equation. The pseudo-second order kinetic parameters for As(III) and
As(V) desorption are presented in Table 6.1. The R2 values for both As (III) and As (V)
were close to unity, implying that their desorption can best be described by the pseudosecond order kinetic model.
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Table 6.1 Pseudo-second Order Kinetic Parameters of Arsenic Desorption
-1

Fe-MWCNT

h (µg (g min) )

R

As(III)

730

6.95E-06

3.70

0.9867

As(V)

855

3.07E-05

.

0.9988

As(III)

8 6

.61E-06

3.15

0.9895

As(V)

7 6

7.3 E-05

0.77

0.9995

(a)
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As(III)
As(V)

0
0

-1

k2 (g (min µg) )

700

Time (min)

1400

Desorption Efficiency (%)

Desorption Efficiency (%)

MWCNT-ZrO

-1

qe (µg g )

(b)
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As(III)
As(V)

0
0

700

1400

Time (min)

Figure 6.1 Kinetics of arsenic desorption by (a) Fe-MWCNT and (b) MWCNT-ZrO2.

The optimum pH for As(V) desorption was determined to be 13. Desorption
efficiency increased with increasing pH for both sorbent materials as presented in Figure
6.2. The apparent insensitivity of arsenic adsorption on MWCNT-ZrO2 to pH changes
ranging from 4 to 8 (Addo Ntim and Mitra, 2012) was evident in the low desorption
efficiency between pH 4 and 10. The desorption efficiencies observed for Fe-MWCNT
also agreed well with the effect of pH on its arsenic adsorption capacity (Addo Ntim and
Mitra, 2011).
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Figure 6.2 Effect of initial pH of desorption medium on the efficiency of arsenic
desorption from (a) Fe-MWCNT and (b) MWCNT-ZrO2.
The results indicate that the mechanism of arsenic adsorption proceeds by the
arsenic species being removed from aqueous phase through ligand exchange with OHand OH2+ groups formed on the nanohybrid surface on contact with water. Desorption, on
the other hand, involves the attack of OH- ions on the metal-oxygen bond of the metalarsenate/arsenite complex leading the release of arsenic species into the liquid phase.
Therefore, an increase in OH- ion concentration is expected to cause a corresponding
increase in arsenic desorption efficiency. Data presented in Figure 6.3 show an increase
in desorption efficiency with increasing NaOH concentration to a 0.1 M equilibrium after
which an increase in NaOH concentration did not cause any increase in efficiency. This
concentration was thus noted as the effective NaOH concentration for arsenic desorption
for both nanohybrid sorbent materials.
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Figure 6.3 Effect of NaOH concentration on arsenic desorption from (a) Fe-MWCNT
and (b) MWCNT-ZrO2.

6.3.2

Adsorption Efficiency of the Regenerated Sorbent

The adsorption efficiency of the used Fe-MWCNT for As(III) and As(V) was observed to
reduce after the sorbent material was regenerated by 10% and 8%, respectively. The
adsorption efficiency for MWCNT-ZrO2 was reduced to a much greater extent,
approximately 25% and 16% for As(III) and As(V), respectively. The reduction in
sorption capacity was attributed to loss of iron oxide or zirconia from the nanohybrid
during regeneration.

6.4

Conclusions

Batch desorption analysis of arsenic species loaded onto CNT-metal oxide nanohybrid
sorbents indicated that the effective NaOH concentration required for arsenic desorption
was 0.1 M with an optimal pH of 13. The kinetics of arsenic desorption followed the
pseudo-second order kinetic model with desorption efficiencies up to 85%. Fe-MWCNT
was observed to show higher desorption efficiency than MWCNT-ZrO2. The adsorption
efficiency of the recycled material was slightly reduced with Fe-MWCNT showing better
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regeneration ability than MWCNT-ZrO2. This shows that the CNT-metal oxide
nanohybrids have the capacity to remove arsenic from water with the potential for
cyclable use.
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